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Preface
In astronomy or indeed any collaborative environment, it pays to figure out with
whom one can work well. From existing projects or simply conversations, research
ideas appear, are developed, take shape, sometimes take a detour into some un-
expected directions, often need to be refocused, are sometimes divided up and/or
distributed among collaborators, and are (hopefully) published. After a number of
these cycles repeat, something bigger may be born, all of which one then tries to
simultaneously fit into one’s head for what feels like a challenging amount of time.
That was certainly the case a long time ago when writing a PhD dissertation.
Since then, there have been postdoctoral fellowships and appointments, permanent
and adjunct positions, and former, current, and future collaborators. And yet, con-
versations spawn research ideas, which take many different turns and may divide
up into a multitude of approaches or related or perhaps unrelated subjects. Again,
one had better figure out with whom one likes to work. And again, in the process
of writing this Brief, one needs create something bigger by focusing the relevant
pieces of work into one (hopefully) coherent manuscript. It is an honor, a privi-
lege, an amazing experience, and simply a lot of fun to be and have been working
with all the people who have had an influence on our work and thereby on this book.
To quote the late and great Jim Croce: ”If you dig it, do it. If you really dig it,
do it twice.”
Pasadena & Baton Rouge, Kaspar von Braun
July 2017 Tabetha Boyajian
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Chapter 1
Introduction
From the dawn of astronomy, planets around other stars have captured the public
attention because they are something everyone can imagine – they are a place rather
than merely a concept. From science fiction, we can picture ourselves taking a step
out of a spaceship and looking around on another planet. Long gone are the days
when every new discovery of one such planet outside our solar system would make
the news. There are now thousands of them, either confirmed or validated, and or-
ders of magnitude more candidates. In fact, there is increasing evidence that there
are many more planets in the Milky Way than stars (i.e., > hundreds of billions), par-
ticularly in orbit around the significantly more abundant, and arguably much more
interesting, low-mass stars.
Without a doubt, all of the gathered insights on exoplanets represent a testament
to the tireless work performed by exoplanet pioneers in the astronomical commu-
nity, fueled by the interest and fascination of the general public in and about ex-
trasolar planets. We now know of planetary system architectures that rival the in-
ventiveness of science fiction material. The large and growing number of studied
exoplanets is gradually permitting insight into a variety of statistical and empirical
relations such as interdependence of planetary and stellar parameters, though, as
always, “more data are needed.”
The study of every individual planetary system is and will remain a worthwile
endeavor, particularly for the more scientifically interesting systems – however that
may be defined. For instance, transiting planets offer more astrophysical insights
than non-transiting planets due to the fact that the ratio of planetary to stellar radius
and the system’s inclination angle with respect to the line of sight are known. In
addition, planets around smaller stars tend to be more abundant than planets around
larger and hotter stars, and they are smaller themselves, i.e., more likely to be rocky
and thus more Earth-like. Thus, they generally represent higher-priority targets of
planet surveys since any kind of life can presumably exist on rocky planets but not
as easily on gas giants. Finally, a stellar habitable zone (HZ) is loosely defined here
as the range of distances from its respective parent star at which a rocky planet
with some atmosphere could host liquid water on its surface. This obviously makes
planets in their respective HZs particularly interesting.
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The large and increasing number of detected planets presents the challenge and
opportunity of looking at the situation statistically, provided one does not introduce
a bias into one’s experiment. Astronomers are very good at correlating everything
with everything and seeing what happens. One approach along those lines is to ex-
amine planetary masses or radii since they depend upon their stellar counterparts.
Physical parameters of planets are almost always direct functions of physical pa-
rameters of their host star. For instance, the size of a transiting planet is a function
of the observed transit depth, the size of the parent star, and the ratio of surface
temperatures of planet and star. The mass of a planet is a function of the observed
radial velocity amplitude, the stellar mass, and the (often unknown) inclination an-
gle of the planetary orbit with respect to the line of sight. In addition to such direct
dependencies, the star is frequently the only visible component in the system, the
dominant source of energy, and it contains most of the system’s mass. Consequently,
parent stars heavily influence every aspect of planetary physics and astrophysics.
These parent stars exist in very many different flavors: big, small, hot, cool,
young, old, with various chemical compositions, as parts of multiple star systems
(hierarchically bound by gravity) or as single stars, located within the Galactic disk
or halo, as members of a star cluster (open or globular) or field stars, etc. Planets
also show a large variety of physical and chemical properties. Some are, but many
are not, akin to the Solar System planets we know. Some are smaller than Mercury,
some are larger than Jupiter, some have surface temperatures of many thousands of
degrees, some have icy surfaces, some don’t have surfaces at all. Some have thick
atmospheres, some have extremely strong jets and winds, some have atmospheres
that are evaporating, some may not have any atmospheres. Some may have water
clouds in their atmospheres, some may have liquid water on their surfaces.
Knowledge of the radii and effective temperatures of the parent stars is of consid-
erable importance as these parameters define the radiation environment in which the
planets reside. Thus, they are required for the calculation of the circumstellar habit-
able zone’s (HZ) location and boundaries as well as the planetary equilibrium tem-
peratures. Furthermore, the radii and densities of any transiting exoplanets, which
provide profound insights into planet properties, such as their interior structures and
bulk densities, are direct functions of the radius and mass of the respective parent
star.
In order to understand the planet, you will need to understand its parent star.
This sentence shall serve as the motivation for the work presented here. Our goal
is to characterize exoplanet host stars to provide insights into the properties of the
planets themselves. In the process, we try to rely on as few as assumptions about the
stars as possible, i.e., to be as direct as possible.
We focus on the determination and calculation of stellar parameters in Chapter
2, in particular the empirical measurements of stellar radii and effective temper-
atures via interferometry and stellar energy distribution fitting. The same chapter
describes how directly determined stellar parameters are used to characterize vari-
ous aspects of exoplanetary systems, e.g., how an exoplanetary system’s habitable
zone is dependent on stellar luminosity and effective temperature. To give insight
into the status of the field of stellar characterization, we provide a table of currently
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known stars with directly determined radii in Chapter 3 where we also present de-
tails and/or background on a number of individual exoplanetary systems. Chapter
4 briefly outlines future work, such as current high-priority targets, optimization of
methods, efforts to reduce unknown systematics, application of our insights to stars
that are too faint or too distant to be studied empirically. We briefly summarize and
conclude in Chapter 5.

Chapter 2
The Determination of Stellar and Planetary
Astrophysical Parameters
In order to understand the exoplanet, you need to understand its parent star.
Stellar characterization is an old and established field within astronomy – which
is not to say that it is easy or that stars are sufficiently well understood in general.
Many determinations of stellar parameters rely, by necessity, on indirect measure-
ments and/or assumptions, especially if direct data are sparse, such as is the case for
low-mass stars, by which we mean here stars whose outer layers are fully convec-
tive, making energy transport to the stellar surface poorly understood. Calibrations
linking non-observable quantities to directly determined parameters have to con-
stantly be revised and improved. Constraints imposed by new data on the hugely
important stellar models serve to increase their predictive power. In this Chapter,
we briefly describe our methods used for the direct determination of stellar astro-
physical parameters, elaborate on their usefulness, and discuss the applicability of
the parameters to other insights into exoplanet science.
2.1 Stellar Radius
Stellar radii can be measured directly only by few methods, among which the most
widely used ones are (1) the study of eclipsing binary stars, (2) asteroseismology,
and (3) very-high angular resolution measurements, mostly performed via interfer-
ometry.
The use of eclipsing binaries (EBs) to study stars and stellar systems is one of the
oldest methods of studying stellar parameters in the field of astronomy. It is based
on the study of the system light curve in which the eclipse durations and depths
provide insight into the relative sizes of the components. There are many excellent
publications and reviews of this appraoch to which we refer the reader for more
information, such as Andersen (1991) and Torres et al. (2010).
The study of asteroseismology is based on the analysis of stellar oscillations and
measures stellar bulk density and variations of the sound speed through the interior
5
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of the star. These insights can actually probe stellar chemical composition, structure,
core conditions and evolutionary age, and thus, ultimately stellar mass and age.
High-precision photometric surveys (Kepler, CoRoT, TESS, PLATO, CHEOPS, etc)
looking for exoplanet transits automatically provide or will provide data that can be
used to perform asteroseismology, making this technique quite powerful. We refer
the reader to the very good reviews by Huber et al. (2013) and Huber (2016) and
references therein for more detailed information.
For the purposes of this publication, we will focus on the method of interfer-
ometry to directly determine the angular radii of stars, the results of which are then
convolved with empirically determined distances and bolometric flux measurements
to calculate stellar physical radii, effective temperatures, and luminosities (§2.2).
The first stellar diameter determined by interferometry was that of the red giant
star Betelgeuse by using a rigid, 20-feet long beam as the baseline and the 2.5m Tele-
scope on Mount Wilson (Michelson & Pease 1921a,b). Motivated by the success of
radio-wavelength interferometry in the 1950s, the first stellar diameters measured at
visible wavelengths with two separate telescopes were published in Hanbury Brown
et al. (1974a) and later Labeyrie (1975, 1978). Due to the relative infancy of the
field at that time, the interferometers were limited to bright stars (B < 2.5), essen-
tially all of which were giant stars. Since then, the majority of the diameters of
main-sequence stars that were determined interferometrically were measured with
the Georgia State University’s CHARA Array1. We show in Figure 2.1 the current
status (1 Nov 2016; based on data from Table 3.1) of stars with high-precision in-
terferometrically determined diameters with random uncertainties smaller than 5%,
stellar radii < 100 R, and distances up to 150 pc. The diameter of each data point
is indicative of the logarithm of the respective stellar diameter, ranging from around
0.15 Rthrough 100 R. Error bars in this diagram are smaller than the size of the
data points. The color of each data point is representative of the respective stellar
effective temperature.
The concept of measuring a stellar diameter using interferometry dates back to
the 19th century, when Hippolyte Fizeau proposed performing Young’s double-slit
experiment in front of a primary mirror of a telescope, which was performed by
Edouard Stephan in 1874 (Le´na 2014). The study of stellar angular diameters via
interferometry is based on determining the coherence of light from a star at two or
more points separated by one or more baselines. Since all telescopic mirrors have
a finite area, it is fair to say that all telescopes are actually interferometers. For the
sake of this qualitative discussion and for the purpose of this publication, however,
we will assume the case of two separate telescopes separated in distance by a single
baseline.
In order for interferometric interferences to occur on the detector where the sig-
nals from the two telescopes are combined, the light from the star has to be coherent,
that is, all photons have to have travelled exactly – to a fraction of the operational
wavelength – the same distance between their respective origins on the stellar sur-
face and the detector via the optical paths of the both telescopes (see Figure 2.2).
1 Center for High Angular Resolution Astronomy; see ten Brummelaar et al. (2005, 2013b) for
description of the array and instruments.
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Fig. 2.1 Empirical H-R Diagram for all stars with interferometrically determined
stellar radii with random uncertainties smaller than 5%, stellar radii < 100 R, and
distances up to 150 pc (status 1 Nov 2016). The diameter of each data point is repre-
sentative of the logarithm of the corresponding stellar radius. Error bars in effective
temperature and luminosity are smaller than the size of the data points. The color of
each data point is representative of the respective stellar effective temperature. For
more details, also on the references for stellar angular diameters, effective tempera-
tures, and luminosities, see §3.1, Table 3.1, and Fig. 3.1.
This necessitates the use of optical delay lines with which additional path length
can be introduced (see Figure 2.2 for a schematic setup and Figures 2.3 and 2.4
for photos of the CHARA optical path length delay facility), which increases with
increasing zenith distance and longer baselines. It also requires exquisite engineer-
ing precision in the optical quality of the telescopes and the entire optical system.
If indeed the path lengths of the two telescopes to the star are precisely matched,
then the combined photometric signal will show a fringe shape with constructive
and destructive interference features like the one shown in Figure 2.5.
How does one get from this observational signal to actually measuring an angular
diameter? The short answer to that question is “by measuring the visibility”, which
is accomplished by measuring amplitude and phase of the constructive and destruc-
tive interference pattern (the fringe; Fig. 2.5). Every visibility measurement has to
be calibrated by removing instrumental and atmospheric systematics. A common
8 2 The Determination of Stellar and Planetary Astrophysical Parameters
θ	
baseline	B	
pathlength		
difference	
B	sin	θ	
light	from	star	
telescope	1	 telescope	2	
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Fig. 2.2 Schematics of a 2-telescope interferometric array. The travelled distance
of the star light is larger at telescope 2 by the path length difference of B sinθ .
This increased path length is compensated by the use of variable-length delay lines
between telescope 1 and the position of the interference fringe (Fig. 2.5) at which
light is coherent. Note that in reality, all telescopes in an interferometric array have
delay lines in their optical paths since otherwise, only very reduced parts of the sky
would be accessible for observations. Note also that the amount of delay that can be
added governs the observable range of zenith distances.
practice for interferometric observations is thus the interleaving of observations of
target stars with the ones of calibrator stars that are near the target and of similar
brightness. Ideally, these calibrators should have known sizes. We therefore use cal-
ibrators that are unresolved or at least of smaller angular size than the target, using
size estimates from the Jean-Marie Mariotti Center JMDC Catalog2.
The measured visibility is dependent upon the (unknown) angular diameter of
the star, the (known) projected length of the baseline, and the (known) operational
wavelength. The shape of the function relating measured visibility versus baseline
(such as in Fig. 2.6) depends upon the topology of the observed object: the Fourier
Transform of the objects brightness distribution perpendicular to the baseline orien-
tation on the sky in the observed wavelength band. This is commonly referred to as
2 http://www.jmmc.fr/searchcal (Bonneau et al. 2006, 2011; Lafrasse et al. 2010a,b).
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Fig. 2.3 Picture of optical delay line setup at the CHARA Interferometric Array. The
delay lines extend toward the top left of the picture from the optical benches in the
bottom right. Mirrors/lenses on the optical benches direct the light path toward the
beam combiners and detectors, barely visible in the picture at the top right. Photo
courtesy of Steve Golden.
the van Cittert-Zernike Theorem (van Cittert 1934; Zernike 1938) – essentially the
foundation of astronomical interferometry.
When extrapolating the situation of doing optical or infrared interferometry with
a single baseline to using an infinite number of baselines, one approaches the equiv-
alent of doing astronomical imaging work using a telescope of the size of the longest
baseline. Conversely, any two points on the primary mirror of a given telescope can
be thought of as two small telescopes in an interferometric array. The image “seen”
by any telescope is equivalent to using an infinite number of 2-telescope arrays and
produces, as expected, the topology (the image) of the object under investigation.
More formally, visibility is defined as the normalized amplitude of the correla-
tion of the light received by two telescopes. It is a unitless number ranging from 0 to
1, where 0 implies no correlation, and 1 implies perfect correlation. An unresolved
source would have perfect correlation of 1.0 independent of baseline. A resolved
object will show a decrease in visibility toward a value of 0 with increasing base-
line length or decreasing wavelength (see Figure 2.6). The resolvable angular size
is proportional to the wavelength of observation and inversely proportional to base-
line length. This has the immediate consequence that objects with smaller angular
diameters need to be studied at shorter wavelengths and/or larger baselines.
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Fig. 2.4 Picture of optical delay lines at the CHARA Interferometric Array as seen
from the optical benches shown in Figure 2.3. The silver boxcars with circular cav-
ities on their sides (right side of picture) are the carts that contain mirrors to change
the optical path length of the beam. They drive back and forth on tracks and con-
tain a number of metrology mechanisms to adjust path length to a fraction of the
operational wavelength. Photo courtesy of Theo ten Brummelaar.
The brightness distribution of a stellar profile on the sky as seen by an interfer-
ometer is a uniform disk, i.e., it does not include the effects of limb darkening due
to the decrease in temperature and optical depth toward the outermost layers in the
stellar atmosphere (see Figure 2.10, in which the effects of limb darkening can eas-
ily be seen). The visibility dependence upon baseline (Fig. 2.6) may be expressed by
nth-order Bessel functions, the Fourier Transform of a uniform disk profile, which,
as mentioned above, are dependent on the angular diameter of the star, the projected
distance between the two telescopes and the wavelength of observation (Hanbury
Brown et al. 1974b).
To convert from the stellar uniform disk diameter, θUD, to the angular diameter
of the Rosseland, or mean, radiating surface of the star, we apply limb-darkening
corrections from Claret (2000); Claret & Bloemen (2011) after we iterate based
on the effective temperature value obtained from initial spectral energy distribution
fitting (see §2.2)3.
3 Limb-darkening coefficients are dependent on assumed stellar effective temperature, surface
gravity, and weakly on metallicity. When we vary the input Teff by 200 K and logg by 0.5 dex,
the resulting variations are below 0.1% in θLD and below 0.05% in Teff. Varying the assumed
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Fig. 2.5 Example of an interferometric fringe – visualizing the dependence of the in-
tensity of the combined light as a function of optical path length difference between
two telescopes for a polychromatic source such as a star.
The limb-darkening corrected angular diameters, θLD, coupled with trigonomet-
ric parallax values from van Leeuwen (2007), determine the linear stellar diameters.
Uncertainties in the physical stellar radii of main-sequence stars are typically dom-
inated by the uncertainties in the angular diameters, not the distance. For giant stars
that are at larger distances, however, distance uncertainties can play a more signifi-
cant role in the calculation of the total error budget.
It is worth pointing out the awesome resolving power of interferometers such as
CHARA. We typically achieve 1–3% precision on stellar angular diameters that are
a fraction of a milliarcsecond in size. To visualize this: a soccer ball on the moon, the
width of a human hair at 10 miles distance, or the size of a coin in Australia as seen
from the USA, approximately correspond to an angular size of one milliarcsecond.
We note that interferometry can be prone to systematic errors that arise in the
process of correcting the data for atmospheric effects. It is thus very difficult to
properly assess interferometric uncertainties (Boyajian et al. 2013; Huber 2016).
Calibrator stars should ideally be point sources (i.e., have a diameter of zero size or
at least one that is much smaller than the resolution of the interferometer) and should
be observed on time scales equal to or smaller than the typical time scale of a change
in atmospheric conditions. These assumptions cannot always be met. Calibrators
metallicity across the range of our target sample does not influence our final values of θLD and Teff
at all.
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Fig. 2.6 Multiple visibility measurements of the star 55 Cancri (§3.2.8) plus the
Bessel function fit that corresponds to the Fourier Transform of a stellar disk pro-
file. The interferometric observations were taken at different baselines and interfer-
ometers, illustrating how the longer baseline achieves higher spatial resolution and
provides more stringent constraints on the fit. Figure adapted from von Braun et al.
(2011a). See §2.1 for more details.
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need to be close in angular distance from the target and cannot be much brighter or
fainter, meaning that one could be forced to pick calibrators with non-zero angular
diameters or even diameters comparable with the one of the target itself. To properly
extract the target data, however, we need to assume calibrator diameters, which may
not be accurately known. This situation is, somewhat ironically, exacerbated by the
continuously improving resolving and light gathering powers of interferometers –
one simply runs out of unresolved calibrators.
Furthermore, there are two time scales on which conditions in the atmosphere
change. The shorter one of these is the coherence time, which is less than a sec-
ond in duration (e.g., Kellerer & Tokovinin 2007). High-frequency fringe tracking
or fringe scanning is used to freeze the atmospherice conditions during exposures,
which can be challenging from an engineering and software stand point. The longer
time scale is the one over which the atmosphere changes in a more global way, i.e.,
over which measured calibrator visibilities will vary. This time scale is dependent
on the stability of the atmosphere and can be minutes to hours long. To correct for
this effect, we employ the aforementioned alternating observations of target and
calibrators, which takes minutes to a few tens of minutes.
Consequently, χ2reduced values of the visibility fits, such as shown in Figure 2.6,
may be calculated to be smaller than unity due to the aforementioned difficulties of
accurately defining uncertainties in visibility measurements. While there are mathe-
matical methods of tracking errors through the calibration of visibility via standard
statistical methods (e.g., van Belle & van Belle 2005), the atmospheric effects de-
scribed earlier introduce effects that cannot be calculated via those or similar meth-
ods. Therefore, we set a true χ2reduced = 1 and calculate uncertainties for θUD and θLD
based on a rescaling of the associated uncertainties in the visibility data points. That
is, the estimates of our uncertainties in θUD and θLD are based on a χ2reduced fit, not
on strictly analytical calculations, though see the recent publication by Nun˜ez et al.
(2017) for a new analytical/empirical approach of calculating uncertainty values.
For much greater detail on the technique of interferometry in astronomy, we refer
the reader to Lawson (2000); Monnier (2003); ten Brummelaar & McAlister (2013);
ten Brummelaar et al. (2013a); Labeyrie et al. (2014); van Belle (2015); Buscher &
Longair (2015) and references therein.
2.2 Stellar Effective Temperature and Luminosity
From a combination of the Stefan-Boltzmann Law and the formula relating angular
to physical stellar diameter based on distance, it is trivial to derive
Teff(K) = 2341(FBOL/θ 2LD)
1
4 . (2.1)
In the above equation, Teff is the stellar effective temperature and is defined as the
surface temperature of a black body that emits the same amount of energy per unit
time as the star. It typically serves as a measure of stellar surface temperature when
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the stellar emissivity as a function of wavelength is unknown. FBOL is the bolometric
flux as measured by a hypothetical detector across all wavelengths; it is in units of
10−8 erg cm−2 s−1. θLD is the limb-darkening corrected stellar angular diameter
(see §2.1) in units of milliarcseconds (mas).
We can see from Equation 2.1 that, to obtain direct measurements of stellar ef-
fective temperature and luminosity, we need stellar angular diameter (e.g., from
interferometry; §2.1) and bolometric flux. FBOL is typically determined by spectral
energy distribution (SED) fitting: determining the integral of received spectral flux
density over all wavelengths.
In order to stay as model-independent as possible in our SED fitting approach,
we ideally use spectrophotometry data of the star under investigation and scale it to
flux-calibrated literature photometry. The principal advantage of such spectropho-
tometric data is that they show all spectral features of the star under investigation
across the full range of wavelength coverage, which is particularly relevant for SED
fitting accuracy of low-mass stars. An example of this is shown in Figure 2.7. The
black spectrum shows spectrophotometry data of HD 189733 (§3.2.11) that are flux
calibrated modulo a zero point offset. The red points indicate literature photometry
data to determine this zero point offset, along with the width of the filters shown as
horizontal bars. The blue points represent the flux value of the spectrophotometry
data integrated over the filter transmission profile.
If no spectrophotometry data are available, we fit spectral templates from Pickles
(1998) or optical spectra of the target star (e.g., Mann et al. 2013) to flux-calibrated
literature photometry or spectrophotometry. One such example is illustrated in Fig-
ure 2.8 for the star GJ 614. The blue spectrum shows the Pickles (1998) template
for a G9 subgiant. The red crosses indicate literature photometry data values as well
as filter bandwidth as horizontal bars. The black crosses indicate the flux value of
the spectral template integrated over the filter transmission profile.
In both cases, either the spectral template or the spectrophotometric data are
scaled to literature data to minimize χ2 and subsequently integrated over wavelength
to obtain the bolometric flux.
Our SED fitting strategy furthermore includes the following aspects:
• Extinction is a variable that can be set to float or to zero for nearby targets.
Since most exoplanet hosts and main-sequence stars for which we can achieve
the necessary angular resolution are very close, extinction is in fact set to zero
for most of our targets (Boyajian et al. 2013, 2014; von Braun et al. 2014).
• Some literature photometry data have no quoted uncertainty associated with it,
particularly older data sets. We assign a 5% random uncertainty to any such data
point for the calculation of the fit’s χ2reduced .
• The use of literature spectrophotometry in addition to broad-band photometry
may increase the fit’s χ2reduced . Nonetheless, we include spectrophotometry data
whenever available in order to reduce any potential systematics in the choice of
spectral template.
Below, we point out some recent modifications and improvements to our SED
fitting approach.
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Fig. 2.7 SED fit for HD 189733 to illustrate our SED fitting routine when us-
ing spectrophotometry data. The black spectrum shows spectrophotometry data of
HD 189733 that are flux calibrated modulo a zero point offset. The red points in-
dicate literature photometry data to determine this zero point offset, along with the
width of the filters shown as horizontal bars. The blue points represent the flux
value of the spectrophotometry data integrated over the filter transmission profile.
The lower panel displays the residuals (literature data minus spectral template) in
units of standard deviation of the literature photometry data points. Adapted from
Boyajian et al. (2015). For more details, see §2.2.
• Calculated uncertainties in the bolometric flux values are statistical only. A pos-
teriori, it is impossible to account for and correct possible systematics in the liter-
ature photometry such as saturation or correlated errors, filter errors due to prob-
lems with transmission curves (Mann & von Braun 2015), or other non-random
error sources. In order to provide a quantitative estimate for these unknown er-
rors, the detailed study by Bohlin et al. (2014) recommends inflating random
errors in FBOL by 2% in quadrature. We incorporate this additional random error
into our measurements starting with Boyajian et al. (2015) and all subsequent
publications.
• Initially during our SED fitting, the filters of the literature photometry data were
assumed to have a top-hat shape (van Belle & von Braun 2009; von Braun et al.
2011c,b, 2012, 2014; Boyajian et al. 2012a,b, 2013). That is, during the calcu-
lation of χ2, only the central filter wavelengths were correlated with the SED
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Fig. 2.8 SED fit for GJ 614 to illustrate our SED fitting routine when using spectral
templates. The blue spectrum shows the Pickles (1998) template for a G9IV star. The
red crosses indicate literature photometry data and filter width as horizontal bars,
and the black crosses show the flux value of the spectral template integrated over
the filter transmission profile. The lower panel displays the residuals (literature data
minus spectral template) in units of standard deviation of the literature photometry
data points. Adapted from von Braun et al. (2014). For more details, see §2.2.
template’s flux value averaged over the filter transmission range in wavelength.
The study by Mann & von Braun (2015) motivates the modification of actual fil-
ter curves to correct a posteriori for unknown errors in the literature photometry.
Their calibration is based on integration of space-based, flux-calibrated spec-
trophotometry across broad-band filters. With small, parametrized adjustments
to the shape of broad-band filter transmission curves, Mann & von Braun (2015)
accomplish consistent results throughout the literature. As with the additional
random error described above, we incorporate the Mann & von Braun (2015)
technique into our SED fitting routine starting with the Boyajian et al. (2015)
publication and all subsequent papers.
During the SED fitting procedure, the only systematics that can be controlled are
(1) the choice of spectral template for the SED fit, (2) the choice of which literature
photometry data points to include in the fit, and, to a lesser extent, (3) whether to let
the interstellar reddening float during the fit or whether to set it to zero.
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2.3 Why Interferometry?
Equation 2.1 shows the inter-dependence between stellar angular diameter, effective
temperature, and bolometric flux. The approach outlined above involves obtaining
the angular diameter interferometrically, measuring bolometric flux based on litera-
ture photometry, and calculating effective temperature. Conducting interferometric
observations, however, is not trivial, there are very few places to do it, and limits in
stellar brightness and angular size may reduce target availability. A fair question to
be asked is why one would not choose to invert the problem: obtain effective tem-
perature and bolometric flux some other way, and calculate stellar angular diameter,
which is then trivially converted to physical radius with the knowledge of distance
(e.g., Mann et al. 2013, 2015).
The short answer is that the precision, and most likely accuracy as well, is greater
when using interferometry, provided the star under investigation is observable inter-
ferometrically; otherwise, the approach outlined above is certainly the best way to
go. To look at this statement in more detail, let’s consider two different scenarios:
(1) bolometric flux of the target star is measurable and effective temperature can be
obtained from semi-empirical studies such as the infrared flux method (Casagrande
et al. 2010), or (2) stellar bolometric flux is not known, and the use of stellar models,
for instance based on input spectra, is required to fully characterize the target.
From Equation 2.1, it is readily calculable that the relative uncertainty in angular
diameter is twice that of the relative uncertainty in the effective temperature for non-
systematic errors. Thus, a 3-5% error in the determination of effective temperature
would result in an uncertainty in calculated angular diameter of 6-10%. In compari-
son, interferometric errors in the angular diameters for the majority of our published
work are on the order of 1-3%.
Stellar models on other hand, though hugely important in all of stellar astro-
physics, thus far continue to produce discrepant results for stellar diameters (too
small) and effective temperatures (too hot) when compared to directly determined
values (§3). These offsets vary from star to star but are generally larger for stars
with spectral types much later or much earlier than the Sun. The canonical values
for KM dwarfs are around 5% and 3% for stellar diameter and effective temperature,
respectively (e.g., Mann et al. 2015), but as we point out in Sections 3.2.4 and 3.2.9
for instance, they can be much higher. Moreover, the question of accuracy remains.
Obtaining effective temperatures from spectroscopic studies involves making as-
sumptions, like masking out bad regions in the stellar spectra (Mann et al. 2013),
knowing or assuming the metallicity and its effect on opacities (Newton et al. 2014;
Mann et al. 2015), breaking the degeneracy between spectral signatures of logg,
[Fe/H], and Teff (Buzzoni et al. 2001), etc.
These two scenarios provide motivation of interferometry as a method to study
stellar parameters in spite of its limitations. In fact, spectroscopic and/or other semi-
empirical Teff determinations and stellar models tend to rely on interferometric data
as calibrations (see for example Spada et al. 2017). Finally, interferometry will be
clearly superior in its reliability when involving more exotic stars, such as young,
very cool, or very hot stars, very metal-rich or metal-poor, etc., for which data do
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not exist at an adequate level to provide anything but weak constraints on the corre-
sponding models.
2.4 System Habitable Zone
The habitable zone of a planetary system is described as the range of distances at
which water on a planet with a surface and an atmosphere containing a modest
amount of greenhouse gases would be in liquid phase. The concept was first char-
acterized in Kasting et al. (1993), and there have since been a number of extensions
and refinements of that formalism. The basics of the concept are shown in Fig. 2.9.
The hotter the star, the farther out the system HZ is located.
Fig. 2.9 The basic concept of a stellar HZ. Shown are main-sequence stars of three
different spectral types. The earlier the stellar spectral the further out and wider the
system HZ. Image credit: NASA / NASA Astrobiology Institute.
It is worth noting that there is a big difference between the concepts of inhabited
planets, habitable planets, and planets in the habitable zones of stars. Of the first
two categories we know, at least at the time of this writing, of only one – Earth. But
there are many known exoplanets in habitable zones. To constrain any probability
of habitability of a planet in an HZ, at least with respect to life somewhat akin to the
one we know, one would have to consider the following aspects: (1) does the planet
have a surface on which there could be liquid water? (2) does the planet have liquid
water on that surface? (3) is the planetary atmosphere such that the temperature
at the surface is not too hot or too cold for there to be water in liquid phase, i.e.,
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are there the correct amounts of greenhouse gases in the planetary atmosphere? (4)
does the planet have a magnetic field that would protect any life on its surface from
incident solar wind? (5) is the parent star sufficiently quiescent so as to not obliterate
any evolving life with massive flares?
Of course, the above aspects are qualitative, rely on many assumptions, and the
list is not complete. For instance, the planet would also have to be in a dynami-
cally stable orbit, i.e, not be ejected out of or moved within the stellar system by
perturbing objects, and in an orbit that is not too elliptical so as to cause massive
temperature variations on the surface. Additionally, the existence of a moon would
stabilize the planet’s axis of rotation. The principal point is that HZ locations and
boundaries can be scientifically calculated, but when any discussion ventures from
habitable zone to habitability, many other aspects come into play that are between
very difficult and impossible to determine.
Kopparapu et al. (2013a,b, 2014) provide an online calculator4 for HZs, thereby
defining the HZ boundaries based on a runaway greenhouse effect (too hot) or a
runaway snowball effect (too cold) as a function of stellar luminosity and effec-
tive temperature, plus water absorption by the planetary atmosphere. Whichever
assumption is made of how long Venus and Mars were able to retain liquid water
on their respective surfaces defines the choice of HZ (conservative or optimistic).
These conditions are described in more detail in Kopparapu et al. (2013b), section
3 of Kane et al. (2013), and section 2 of Kane et al. (2016)5.
The system HZ is dependent on both the stellar luminosity and effective tem-
perature, both obtained empirically by the interferometric studies motivated here.
The dependence of habitable zone distances and width upon stellar parameters plus
associated uncertainties is quantitatively addressed in Kane (2014) and Chandler
et al. (2016), including Gaussian error propagation in section 5.5 of Chandler et al.
(2016). It is of vital importance to have one’s stellar astrophysical parameters cor-
rect when making, e.g., statistical statements of frequency of HZ planets or fraction
of stars with Earth-sized planets in the HZ (η⊕). Note that the latter is of particular
significance for late-type dwarfs since (1) the short-period sensitivity of transit and
RV surveys makes the determination of η⊕ for this population easier than for hot-
ter stars, but (2) the divergence between calculated and measured stellar parameters
is highest for late-type stars. The need to harmonize stellar model predictions with
empirical data products is thus clearly illustrated when describing HZ regions for
current and upcoming targets, such as the ones relevant for the upcoming Transiting
Exoplanet Survey Satellite (TESS, Ricker 2014).
4 http://www3.geosc.psu.edu/∼ruk15/planets/ or http://depts.washington.edu/naivpl/content/hz-
calculator
5 Note that the concept of a HZ around multiple stars, referred to as the circumbinary HZ, is
explained in, e.g., Kane & Hinkel (2013). For the purpose of this publication, we will only use the
HZ around single stars.
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2.5 Transiting Planets
Transiting planets are particularly valuable for the study of exoplanets because the
inclination of the plane of the system with respect to the line of sight is known.
If stellar RV variations due to the planet can be measured, the determination of
actual planet mass, as opposed to minimum planet mass, becomes possible. Fur-
thermore, the planetary radius can be determined from the measured flux decrement
and knowledge of, or assumption about, stellar radius (see Winn 2010, for details
and equations). Figure 2.10 shows a composite image of Mercury’s transit across
the face of the sun in 2016 as captured by NASA’s Solar Dynamics Observatory. At
this point, there has not yet been a successful attempt to interferometrically resolve
a transit signature across a star other than the sun due to signal-to-noise issues (for
details, see van Belle 2008), but the flux decrement is readily observed photometri-
cally.
Fig. 2.10 The concept of a transiting planet illustrated by a composite, visible light
image of Mercury’s transit across the sun in 2016. Also clearly visible in this image
is the effect of limb darkening: the star’s surface brighness is lower toward the limb.
For discussion on limb darkening, see Section 2.1, and for transiting planets, see
Section 2.5. Image credit: NASA / Solar Dynamics Observatoty.
Without any direct measurements, this stellar radius has to be either derived from
stellar models, or from assumptions about the stellar mass coupled with a mass-
radius relation or coupled with the analysis of the transiting planet’s light curve
(Torres 2007).
If the stellar radius can be measured, however, then the planetary radius and
bulk density are directly calculable from the flux decrement (see §§3.2.8, 3.2.10,
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and 3.2.11; also, see Winn 2010). Moreover, a comprehensive analysis involving
literature light curves and RV curves will furthermore allow for the calculation of
stellar parameters such as mass, density, and surface gravity (see §3.2.9).

Chapter 3
Results
In this Chapter, we provide a table with the currently available high-precision, inter-
ferometrically measured stellar angular diameters (§ 3.1), elaborate on a number of
individual exoplanetary systems that were characterized by means of interferometric
studies (§ 3.2), and briefly comment on our overall results (§ 3.3).
3.1 Current Status
Table 3.1 provides a summary of all stellar systems with interferometrically deter-
mined angular diameters with precision better than 5%, smaller than 100 solar radii,
out to a distance of 150pc, as of 1 Nov 2016. We exclude fast rotators and stars
with large pulsations as one cannot assume a respective single value for the angular
diameter in these cases. Except where indicated, we use the respective publication’s
values for stellar angular diameter and bolometric flux, plus trigonometric paral-
lax from either the publication itself or van Leeuwen (2007), to uniformly calculate
physical stellar radii, effective temperatures, and luminosities. If no uncertainty for
a physical parameter was given, calculated values of derived quantities do not have
any associated uncertainty, either. Spectral types are for reference only and are taken
from Anderson & Francis (2012).
The last column contains a list of numeric reference codes for the angular diame-
ter value(s), an letter reference code for value(s) of bolometric flux, and a “YES” in
case the system is known to host at least one extrasolar planet. The reference codes
are given below. Wherever more than one reference is given, the values for angu-
lar diameter and/or bolometric flux and associated uncertainties are calculated via
weighted averages from which stellar radii, temperatures, and/or luminosities are
subsequently derived. Figure 3.1 graphically depicts the contents of Table 3.1 and
identifies exoplanet hosts in blue versus stars not currently known to host planets in
orbits in grey. The range in radii extends from about 0.15 Rto 100 R.
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Table 3.1. Published Interferometry Measurements of Nearby Stars
HIP HD Other Spectral Ang. Diam. Radius Teff Luminosity References/
Type (mas) (R) (K) (L) exoplanet host?
544 166 Gliese 5 G8V 0.624±0.009 0.917±0.015 5327±39 0.61±0.01 1,a
746 432 11 Beta Cassiopeiae (Caph) F2III 2.12±0.05 3.83±0.09 6845 28.82 61,mc
1475 1326 Gliese 15 A M2V 1.005±0.005 0.388±0.002 3602±14 0.0228±0.0003 2,3,b,YES
1421 1367 HR 67 K0III 0.754±0.014 9.513±0.501 5388±62 68.70±7.02 89,ab
1499 1461 Gliese 16.1 G3V 0.498±0.011 1.24±0.03 5386±60 1.17±0.03 4,c,YES
1686 1671 27 Rho Andromedae F5IV-V 0.600±0.006 3.131±0.045 7158±39 23.18±0.51 89,ab
2920 3360 17 Zeta Cassiopeiae B2IV 0.311±0.01 6.1±0.3 21538±380 7159±465 5,d
3031 3546 30 Epsilon Andromedae G7III Fe-3 CH1 1.77±0.08 9.6±0.4 4977 50.28 61,mc
3092 3627 31 Delta Andromedae K3III 4.16±0.05 14.5±0.2 4590 83.44 62,63,mc
3093 3651 54 Piscium K0V 0.726±0.007 0.863±0.009 5265±25 0.515±0.004 6,89,a,ab,YES
3179 3712 18 Alpha Cassiopeiae (Schedar) K0- IIIa 5.63±0.06 42.4±0.6 4867 904.11 61,62,63,64,mc
3765 4628 Gliese 33 (Wolf 25) K2.5V 0.868±0.004 0.696±0.004 4950±14 0.262±0.003 2,e
3821 4614 24 Eta Cassiopeiae (Achird) F9V 1.623±0.004 1.039±0.004 5973±8 1.236±0.007 8,a
4151 5015 Gliese 41 (HR 244) F9V 0.865±0.01 1.74±0.02 5965±35 3.46±0.04 8,a
4436 5448 37 Mu Andromedae A6V 0.708±0.013 3.03±0.12 8321±151 39.6±3.7 5,d
5021 6210 HR 297 F7IV 0.52±0.006 4.52±0.15 6089±35 25.2±1.6 1,a
5336 6582 30 Mu Cassiopeiae (Marfak ) K1V Fe-2 0.972±0.009 0.789±0.008 5351±26 0.46±0.005 9,e
5447 6860 43 Beta Andromedae (Mirach) M0+ IIIa 13.9±0.1 89.9±3.1 3893 1674.88 62,64,65,66,mc
5571 7087 84 chi Piscium K0III 1.665±0.075 21.057±1.082 4926 234.28 59,61,mc
6315 8126 91 l Piscium K5III 2.22±0.06 25.634±1.057 4142±108 174.14±18.92 59,z
6379 7924 Gliese 56.5 K0V 0.433±0.014 0.78±0.03 5075±83 0.366±0.006 4,c,YES
7097 9270 99 Eta Piscium (Al’farg) G7IIIa 2.6±0.1 30±3 4897 477.37 61,mc
7513 9826 50 Upsilon Andromedae F9V 1.140±0.006 1.654±0.010 6105±18 3.42±0.02 6,7,89,a,ab,YES
7588 10144 Alpha Eridani (Achernar) B6Vep 1.92±0.07 8.8±0.4 14222 2858.39 67,mc
7607 9927 51 Andromedae K3- III CN0.5 3.76±0.07 22±0.5 4499 177.25 61,mc
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Table 3.1 (cont’d)
HIP HD Other Spectral Ang. Diam. Radius Teff Luminosity References/
Type (mas) (R) (K) (L) exoplanet host?
7884 10380 106 Nu Piscium K2/3 III 2.81±0.03 33.6±0.9 4375 371.85 61,mc
7981 10476 107 Piscium K1V 1.000±0.004 0.81±0.004 5242±12 0.446±0.004 1,a
8102 10700 52 Tau Ceti G8.5V 2.08±0.03 0.816±0.012 5288±38 0.4688±0.0007 10,a
8159 10697 109 Piscium G3Va 0.547±0.013 1.92±0.05 5442±65 2.9±0.08 1,a,YES
8362 10780 Gliese 75 G9V 0.763±0.019 0.83±0.02 5398±68 0.521±0.007 9,e
8837 11695 Psi Phoenicis M4III 8.1±0.2 92±3 3045 646.98 68,mc
8928 11977 Eta-2 Hydri (HR 570) G8IIIb 1.578±0.079 11.377±0.583 4935 68.89 60,mc,YES
9094 11964 Gliese 81.1 A G9V CN+1 0.607±0.015 2.14±0.07 5013±62 2.61±0.1 1,a, YES
9132 11928 HR 564 M2III 2.96±0.06 44.628±2.255 3657±72 320.88±36.68 59,z
9640 12533 57 Gamma-1 Andromedae (Almach) K3II 7.77±0.12 91±7 4539 3148.63 62,64,66,mc
9884 12929 13 Alpha Arietis (Hamal) K1IIIb 6.85±0.07 14.9±0.2 4627 90.89 61,62,63,64,mc,YES
11767 8890 1 Alpha Ursae Minoris (Polaris) F8Ib 3.28±0.02 46.8±0.7 6053 2634.12 61,70,mc
11784 15656 14 Trianguli K5III 2.6±0.11 37.118±2.333 4054±123 335.09±42.7 59,z
12114 16160 Gliese 105 A K3V 1.03±0.007 0.795±0.006 4704±21 0.279±0.004 2,b
12530 16765 84 Ceti F7V 0.497±0.007 1.21±0.03 6356±46 2.14±0.08 1,a
12777 16895 13 Theta Persei F7V 1.103±0.009 1.319±0.011 6153±25 2.246±0.011 8,a
13328 17709 17 Persei K5.5III 4.06±0.04 63±4 3972 872.89 62,mc
13905 18449 24 Persei K2III 2.08±0.07 25.237±1.267 4422±192 219.35±38.66 59,z
14135 18884 92 Alpha Ceti (Menkar) M1.5IIIa 13.2±0.3 109±4 · · · · · · 62
14632 19373 Iota Persei F9.5V 1.248±0.008 1.414±0.010 5832±18 2.085±0.01 8,11,a
14954 19994 94 Ceti F8.5V 0.737±0.009 1.789±0.026 6117±58 4.03±0.05 6,89,a,ab,YES
15457 20630 96 Kappa Ceti G5V 0.94±0.03 0.92±0.03 5711±91 0.817±0.004 8,a
15776 21019 Gliese 2030 A G5/6 V 0.606±0.015 2.42±0.08 5261±65 4.04±0.15 1,a
16537 22049 18 Epsilon Eridani K2V (k) 2.126±0.014 0.735±0.005 5104±18 0.33±0.0017 12,e,YES
16852 22484 10 Tauri F9IV-V 1.081±0.014 1.62±0.02 5998±39 3.07±0.05 8,a
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Table 3.1 (cont’d)
HIP HD Other Spectral Ang. Diam. Radius Teff Luminosity References/
Type (mas) (R) (K) (L) exoplanet host?
17351 23319 h Eridani K1.5IIIb CN0.5 2.004±0.065 12.171±0.423 4777 69.23 60,mc
17378 23249 23 Delta Eridani (Rana) K1III-IV 2.394±0.029 2.32±0.03 4959±31 2.937±0.012 13,a
18543 25025 34 Gamma Eridani (Zaurak) M1IIIb 9.3±0.2 63±3 3895 807.29 62,mc
19038 25604 37 A1 Tauri K0III-IIIb 1.69±0.08 10.4±0.5 5295 76.64 61,mc
19780 27256 Alpha Reticuli G8IIIa: 2.6285±0.077 14.002±0.416 5197 128.27 60,mc
19849 26965 40 Omicron-2 Eridani (Keid) K0.5V 1.502±0.006 0.805±0.003 5146±14 0.409±0.003 2,14,e
20205 27371 54 Gamma Tauri (Hyadum I) G9.5IIIab CN0.5 2.52±0.03 13.4±0.3 4843±45 89±4 44,n
20455 27697 61 Delta Tauri (Hyadum II) G9.5III CN0.5 2.34±0.04 11.8±0.4 5051 84.1 44,62,63,mc
20885 28307 77 Theta-1 Tauri G9III Fe-0.5 2.31±0.04 11.7±0.3 4814±52 66±2 44,n
20889 28305 74 Epsilon Tauri (Ain) G9.5III CN0.5 2.699±0.028 13.044±0.198 4857±44 85.29±3.17 44,59,n,z,YES
21421 29139 87 Alpha Tauri (Aldebaran) K5III 20.5±0.4 44.9±1.1 4081 502.13 62,64,71,72,mc,YES
21547 29391 51 c Eridani F0 V 0.518±0.009 1.639±0.033 7020 5.85 51,mc
21932 285968 Gliese 176 (Ross 33) M3 0.45±0.02 0.45±0.02 3693±82 0.0339±0.0015 4,c,YES
22449 30652 1 Pi-3 Orionis (Tabit) F6IV-V 1.525±0.004 1.323±0.004 6440±8 2.711±0.007 8,11,a
23767 32630 10 Eta Aurigae (Hoedus II) B4V 0.453±0.012 3.63±0.11 18675±255 1446±47 5,d
24003 32518 HR 1636 K1III 0.851±0.022 11±0.8 4600±113 49±8 45,o,YES
24813 34411 15 Lambda Aurigae G1V 0.981±0.015 1.33±0.02 5774±44 1.776±0.013 8,a
25110 33564 Gliese 196 (HR 1686) F7V 0.64±0.01 1.44±0.02 6420±50 3.16±0.03 4,c,YES
25878 36395 Gliese 205 (Wolf 1453) M1.5V 0.943±0.004 0.573±0.005 3851±21 0.0651±0.0016 2,b
27253 38529 HR 1988 G8 III/IV 0.611±0.016 2.62±0.07 5576±74 5.96±0.1 15,f,YES
27435 38858 Gliese 1085 G2V 0.572±0.009 0.933±0.016 5646±45 0.797±0.01 1,a
27483 38656 29 Tau Aurigae G9III 1.97±0.08 13.429±0.571 4619±343 73.89±21.19 59,z
27673 39003 32 Nu Aurigae K1III 2.79±0.06 21.181±1.087 4496±328 165.05±50.11 59,z
27913 39587 54 chi Orionis G0V CH-0.3 1.051±0.009 0.979±0.009 5898±25 1.044±0.005 8,a
29655 42995 7 Eta Geminorum (Tejat Prior) M2IIIa 11.8±0.1 149±22 · · · · · · 62
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29696 43039 44 Kappa Aurigae G8.5IIIb 2.16±0.09 12.599±0.548 4656±274 67.16±14.91 59,z
30343 44478 13 Mu Geminorum (Tejat Posterior) M3IIIab 14.5±0.5 110.707±6.763 · · · · · · 61,62,66,71
30438 45348 Alpha Carinae (Canopus) A9II 6.93±0.15 70.614±4.048 7283±107 12634.46±1433.34 55,w
31039 45410 6 Lyncis K0.5IIIb Fe0.5 0.97±0.035 5.82±0.26 4693±93 14.79±0.92 46,p,YES
32349 48915 9 Alpha Canis Majoris (Sirius) A0mA1Va 6.0326±0.0122 1.7102±0.0080 9712±10 23.43±0.20 16,17,18,19,20,g
32362 48737 31 Xi Geminorum (Alzirr) F5IV-V 1.401±0.009 2.71±0.02 6478±21 11.65±0.08 8,a
32851 49933 Lalande 13198 (HR 2530) F3V 0.445±0.012 1.42±0.04 6635±90 3.52±0.09 21,a
34752 54716 63 Aurigae K4III 2.92±0.1 46.711±2.97 3996±110 501.01±68.72 59,z
35350 56537 54 Lambda Geminorum A3V 0.835±0.013 2.78±0.05 7932±62 27.5±0.3 8,a
36366 58946 62 Rho Geminorum F1V 0.853±0.014 1.65±0.03 6738±55 5.08±0.05 8,a
37046 60294 HR 2894 K2III 1.044±0.01 9.2±0.3 4553±76 33±3 45,o
37279 61421 10 Alpha Canis Minoris (Procyon) F5IV-V 5.417±0.022 2.036±0.010 6581±13 7.00±0.04 20,22,23,24,a
37629 62044 75 Sigma Geminorum K1IIIe 2.31±0.05 9.5±0.2 4729 40.68 61,mc
37826 62509 78 Beta Geminorum (Pollux) G9III 8.1±0.1 9.04±0.11 4968 44.4 62,63,64,66,77,mc,YES
40526 69267 17 Beta Cancri (Altarf) K4III Ba0.5: 5.17±0.06 51.4±1.1 4256 785.7 61,62,63,mc,YES
40693 69830 Gliese 302 (Lalande 16304) G8+V 0.674±0.014 0.9058±0.0190 5394±62 0.622±0.014 43,l
40843 69897 18 chi Cancri F6V 0.706±0.013 1.39±0.03 6130±58 2.45±0.03 1,a
42527 73108 4 Pi-2 Ursae Majoris (Muscida) K1+ III 2.225±0.02 18.8±0.4 4337±99 112±11 45,o,YES
43587 75732 55 Rho-1 Cancri K0IV-V 0.712±0.004 0.945±0.010 5178±17 0.578±0.011 42,89,a,ab,YES
43813 76294 16 Zeta Hydrae G8.5III 3.24±0.09 17.8±0.5 4993 177.09 63,mc
44390 76827 8 Rho Ursae Majoris M3III Ca1 5.6±0.2 58±2 3213 326.77 62,mc
45238 80007 Beta Carinae (Miaplacidus) A1III- 1.59±0.07 5.9±0.3 9200 226.05 67,mc
45343 79210 Gliese 338 A M0.0V 0.871±0.015 0.58±0.02 3953±39 0.074±0.005 2,b
120005 79211 Gliese 338 B (Lalande 18115) K7.0V 0.856±0.016 0.58±0.03 3927±37 0.071±0.006 2,b
45860 80493 40 Alpha Lyncis K6III 7.84±0.15 52.5±1.1 3978 615.45 62,63,65,66,mc
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46390 81797 30 Alpha Hydrae (Alfard) K3IIIa 9.7±0.1 57.8±0.8 4327 1051.53 62,mc
46733 81937 23 h Ursae Majoris F0V 1.133±0.009 2.9±0.03 6651±27 14.82±0.11 8,a
46853 82328 25 Theta Ursae Majoris F7V 1.632±0.005 2.365±0.009 6238±10 7.62±0.03 8,a
47080 82885 11 Leonis Minoris G8IV 0.821±0.013 1.003±0.016 5376±43 0.757±0.006 8,a
47908 84441 17 Epsilon Leonis (Ras Elased Australis) G1II 2.6265±0.05 21.36±0.5 5525 381.42 58,62,63,mc
49081 86728 20 Leonis Minoris G4V 0.771±0.012 1.25±0.02 5619±44 1.396±0.014 8,a
49637 87837 31 A Leonis K3.5IIIb Fe-1: 3.33±0.04 32.4±0.8 4255 309.29 61,mc
49669 87901 32 Alpha Leonis (Regulus) B8IVn 1.37±0.06 3.6±0.2 12011 239.45 67,mc
49908 88230 Gliese 380 K8V 1.223±0.009 0.641±0.005 4180±20 0.113±0.002 2,11,26,b
50564 89449 40 Leonis F6IV-V 0.73±0.03 1.68±0.07 6460±141 4.41±0.14 5,d
50801 89758 34 Mu Ursae Majoris (Tania Australis) M0III 8.6±0.1 65.2±3.0 · · · · · · 62,63
51459 90839 36 Ursae Majoris (HR 4112) F8V 0.794±0.014 1.09±0.02 6204±56 1.59±0.02 8,a
53229 94264 46 Leonis Minoris (Praecipua) K0+ III-IV 2.54±0.03 7.9±0.1 4901 32.64 61,mc
53910 95418 48 Beta Ursae Majoris (Merak) A1IVspSr 1.149±0.014 3.02±0.04 9193±56 58.6±0.5 8,a
53954 95608 60 b Leonis A1V 0.43±0.017 1.8±0.07 9540±197 24.1±0.7 5,d
54035 95735 Gliese 411 (Lalande 21185) M2.0V 1.437±0.012 0.393±0.003 3525±18 0.0215±0.0003 2,11,26,b
54061 95689 50 Alpha Ursae Majoris (Dubhe) G8III 7.0±0.1 28.3±0.9 4692 345.99 62,63,77,mc
54211 Gliese 412 A (Lalande 21258) M1.0V 0.764±0.017 0.398±0.009 3536±40 0.0223±0.0003 2,b
54539 96833 52 Psi Ursae Majoris K1III 4.11±0.05 19.6±0.3 4744 174.14 62,63,mc
54872 97603 68 Delta Leonis (Zosma) A5IV(n) 1.324±0.009 2.550±0.021 7893±26 22.72±0.21 8,11,a
54879 97633 70 Theta Leonis (Chertan) A2IV 0.74±0.02 4.03±0.1 9480±120 118±5 5,d
55219 98262 54 Nu Ursae Majoris (Alula Borealis) K0IV 4.75±0.06 62.8±1.5 4303 1199.79 62,63,mc
56211 100029 1 Lambda Draconis (Gianfar) M0III-IIIa Ca1 6.43±0.08 70.8±1.4 · · · · · · 62,63
56343 100407 Xi Hydrae G7III 2.386±0.021 10.195±0.111 5229 69.72 13,mc
56997 101501 61 Ursae Majoris G8V 0.91±0.009 0.94±0.01 5309±27 0.633±0.004 8,a
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57087 Gliese 436 (Ross 905) M3.0V 0.417±0.013 0.455±0.018 3505±55 0.0281±0.0014 27,b,YES
57380 102212 3 Nu Virginis M1III 6.0±0.1 58.5±1.4 3547 484.26 62,63,mc
57399 102224 63 chi Ursae Majoris (Alkaphrah) K0.5IIIb: 3.23±0.02 19.6±0.2 4616 155.68 61,mc
57477 102328 HR 4521 K2.5IIIb CN1 1.606±0.006 11.4±0.2 4359±99 42±4 45,o
57632 102647 94 Beta Leonis (Denebola) A3V 1.43±0.03 1.696±0.032 8465±76 13.29±0.15 10,11,a
57757 102870 5 Beta Virginis (Zavijah) F8.5IV-V 1.431±0.006 1.681±0.008 6054±13 3.418±0.017 8,a
57939 103095 Gliese 451 A (Lalande 22369) G8. V P 0.690±0.004 0.675±0.005 4791±15 0.2159±0.0018 8,28,a
58181 103605 66 Ursae Majoris K1III 1.098±0.01 11.2±0.4 4652±107 53±6 45,o
59746 106574 HR 4659 K2III 1.498±0.028 23±1 4114±104 136±17 45,o
60202 107383 11 Comae Berenices (HR 4697) K0III 1.651±0.016 15.8±0.3 4706±24 110±4 4,c,YES
61317 109358 8 Beta Canum Venaticorum (Chara) G0V 1.22±0.03 1.107±0.024 5697±63 1.162±0.006 8,11,a
63090 112300 43 Delta Virginis (Auva) M2 III 10.7±0.1 70±1 3269 502.59 62,mc
63340 113049 HR 4927 K0III 0.971±0.022 17.3±1.1 4587±91 120±17 45,o
63608 113226 47 Epsilon Virginis (Vindemiatrix) G8III 3.25±0.04 11.7±0.1 5239 93.31 61,62,63,mc
64394 114710 43 Beta Comae Berenices (HR 4983) G0V 1.127±0.011 1.106±0.011 5957±29 1.387±0.005 8,a
64924 115617 61 Virginis (HR 5019) G7V 1.073±0.005 0.987±0.005 5538±13 0.825±0.003 4,c,YES
65721 117176 70 Virginis (HR 5072) G5V 1.01±0.02 1.95±0.04 5404±54 2.93±0.03 6,a,YES
66249 118098 79 Zeta Virginis (Heze) A2Van 0.852±0.009 2.08±0.02 8097±43 16.75±0.15 8,a
66435 118904 HR 5139 K2III 1.871±0.032 25.4±0.9 3912±109 136±17 45,o
66657 118716 Epsilon Centauri (HR 5132) B1 III 0.87±0.03 12.3±0.9 14454 5883.5 67,mc
67155 119850 Gliese 526 (Wolf 498) M1.5V 0.835±0.014 0.484±0.009 3648±33 0.0373±0.0006 2,b
67275 120136 4 Tau Bootis (HR 5185) F7IV-V 0.786±0.016 1.32±0.03 6620±67 3.012±0.018 6,a,YES
67459 120477 5 Upsilon Bootis (HR 5200) K5.5III 4.72±0.05 41±0.9 4054 407.19 61,mc
67927 121370 8 Eta Bootis (Mufrid) G0IV 2.240±0.021 2.731±0.034 6019±28 8.8±0.2 13,20,23,56,a
69673 124897 16 Alpha Bootis (Arcturus) K0III CH-1 CN-0.5 21.08±0.277 25.5±0.3 4345 206.84 62,66,74,80,81,mc
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70497 126660 23 Theta Bootis (Asellus Primus) F7V 1.109±0.007 1.733±0.011 6211±20 4.02±0.02 8,11,a
70890 Gliese 551 C (Proxima Cen) M6Ve 1.011±0.052 0.141±0.007 3055±76 0.00155±0.00002 14,e,YES
71053 127665 25 Rho Bootis (HR 5429) K3- III 3.8±0.12 20.054±0.658 4441±227 140.91±27.53 59,z
71284 128167 28 Sigma Bootis (HR 5447) F4VkF2mF1 0.841±0.013 1.43±0.02 6435±50 3.16±0.03 8,a
71681 128621 Alpha Centauri (Proksima Kentavra) K1V 6.000±0.014 0.869±0.003 5232±6 0.5097±0.0020 29,30,91,a,YES
71683 128620 Alpha Centauri (Rigel Kentaurus) G2V 8.508±0.018 1.232±0.003 5794±6 1.541±0.006 30,91,a
72567 130948 Gliese 564 (Lalande 27055) F9IV-V 0.569±0.011 1.11±0.02 5787±57 1.248±0.017 1,a
72607 131873 7 Beta Ursae Minoris (Kocab) K4- III 10.3±0.1 44.5±0.5 4172 537.07 62,mc,YES
72659 131156 37 Xi Bootis (HR 5544) G7V 1.196±0.014 0.863±0.01 5483±32 0.606±0.004 8,a
73184 131977 Gliese 570 A (Lalande 27173) K4V 1.177±0.03 0.741±0.019 4586±61 0.219±0.004 14,b
73555 133208 42 Beta Bootis (Nekkar) G8IIIa Fe-0.5 2.48±0.07 18.4±0.5 5202 222.42 62,63,mc
74666 135722 49 Delta Bootis (Princeps) G8IV 2.75±0.04 11.039±0.174 4984 67.47 59,61,62,63,mc
74793 136726 11 Ursae Minoris (Pherkad Minor) K4III 2.336±0.02 30.7±0.8 4057±127 229±30 45,o,YES
74975 136202 5 Serpentis (HR 5694) F8IV 0.79±0.02 2.16±0.06 5643±71 4.24±0.06 1,a
74995 Gliese 581 (Wolf 562) M2.5V 0.446±0.014 0.299±0.01 3480±55 0.0118±0.0002 25,b,YES
75260 137443 HR 5737 K4III 1.69±0.031 20.5±0.6 3990±125 96±12 45,o
75458 137759 12 Iota Draconis (Ed Asich) K2III 3.596±0.015 11.994±0.062 4545±110 55.3±5.3 50,r,YES
75696 138265 HR 5755 K5III 2.062±0.038 43±3 3757±167 337±72 45,o
76311 139357 HR 5811 K4III: 1.073±0.013 13.6±0.5 4582±86 74±7 45,o,YES
76976 140283 Gliese 1195 (Lalande 28607) A5/7Ib/II wl 0.353±0.013 2.211±0.12 5534±105 4.13±0.33 54,v
77052 140538 23 Psi Serpentis (Wolf 573) G5V 0.597±0.015 0.94±0.03 5692±74 0.84±0.02 1,a
77070 140573 24 Alpha Serpentis (Unukalhai) K2III 4.83±0.06 11.8±0.1 4791 65.57 62,63,mc
77622 141795 37 Epsilon Serpentis (HR 5892) A2 M 0.768±0.017 1.78±0.04 7928±88 11.31±0.09 8,a
77655 142091 11 Kappa Coronae Borealis (HR 5901) K0III-IV 1.543±0.009 5.06±0.04 4789±14 12.12±0.16 31,h,YES
78072 142860 41 Gamma Serpentis (HR 5933) F6V 1.216±0.005 1.472±0.007 6222±13 2.923±0.013 8,11,a
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78459 143761 15 Rho Coronae Borealis (HR 5968) G0V 0.735±0.014 1.362±0.027 5627±54 1.674±0.016 4,c,YES
79248 145675 14 Herculis K0IV-V 0.459±0.017 0.867±0.033 5517±102 0.627±0.008 4,c,YES
79593 146051 1 Delta Ophiuchi (Yed Prior) M0.5III 10.2±0.2 57.8±1.2 3937 715.29 62,74,mc
79672 146233 18 Scorpii (HR 6060) G2V 0.676±0.006 1.01±0.01 5810±27 1.047±0.012 32,a
79882 146791 2 Epsilon Ophiuchi (Yed Posterior) G9.5IIIb Fe-0.5 2.961±0.007 10.389±0.072 5065 63.71 45,mc
80161 148293 HR 6126 K2III 1.48±0.06 14.308±0.640 4462±141 73±7.6 48,q
80331 148387 14 Eta Draconis (HR 6132) G8III-IV 3.64±0.07 11.0±0.2 5076 72.36 62,63,mc
80816 148856 27 Beta Herculis (Kornephoros) G7IIIa Fe-0.5 3.48±0.05 16.0±0.5 5153 161.53 62,63,mc
80920 150010 HR 6180 K2III 1.024±0.029 15.8±1.1 4575±156 99±17 45,o
81300 149661 12 Ophiuchi (HR 6171) K0V (k) 0.724±0.011 0.759±0.012 5337±41 0.421±0.004 2,e
81670 150580 HR 6208 K2 1.24±0.06 17.609±1.35 4548±138 119.43±16.67 59,z
81693 150680 40 Zeta Herculis (HR 6212) G2IV 2.40±0.04 2.76±0.05 5657±52 7.04±0.07 20,23,a
81833 150997 44 Eta Herculis (HR 6220) G7III Fe-1 2.56±0.05 9.2±0.2 5089 50.49 61,62,63,mc
82611 152812 HR 6286 K2III 1.44±0.004 31±3 4196±142 271±61 45,o
83043 Gliese 649 (Ross 860) M0.5 0.484±0.012 0.538±0.015 3593±45 0.0435±0.0013 4,c,YES
83359 154633 HR 6286 (Gliese 652.1) G5V 0.804±0.012 10.003±0.336 4883±42 51.25±3.20 89,ab
84380 156283 67 Pi Herculis (HR 6418) K3II 5.3±0.1 65.4±1.5 4473 1530.26 61,62,63,mc
84862 157214 72 w Herculis (HR 6458) G0V 0.725±0.012 1.117±0.019 5738±48 1.217±0.011 1,a
84950 157681 HR 6479 K4III 1.664±0.01 34.2±1.8 4363±187 382±76 45,o
85235 158633 Gliese 675 (Lalande 32047) K0 V 0.573±0.01 0.789±0.014 5203±46 0.41±0.004 1,a
85670 159181 23 Beta Draconis (Rastaban) G2Ib-IIa 3.23±0.05 40.5±0.8 5353 1206.93 62,mc
86162 Gliese 687 M3.0V 0.859±0.014 0.418±0.007 3457±33 0.0225±0.0005 2,b,YES
86182 160290 82 y Herculis (HR 6574) K1III 1.515±0.01 17.6±0.4 4495±98 114±11 45,o
86219 161178 HR 6606 G5III 0.944±0.043 10.003±0.336 5082±118 76.55±4.46 89,ab
86614 162003 31 Psi Draconis (Dziban) F5IV-V 0.95±0.03 2.33±0.08 5925±94 6.04±0.12 8,a
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86974 161797 86 Mu Herculis (HR 6623) G5IV 1.95±0.04 1.74±0.04 5506±56 2.512±0.007 20,a
87833 164058 33 Gamma Draconis (Etamin) K5III 10.0±0.2 50.8±0.9 4233 740.23 62,65,66,74,mc
87937 Gliese 699 (Barnard’s Star) M4.0V 0.953±0.005 0.1869±0.0011 3237±11 0.00345±0.00004 2,26,b
88175 164259 57 Zeta Serpentis (HR 6710) F2V 0.78±0.03 1.97±0.08 6433±124 6.01±0.1 8,a
88601 165341A 70 p Ophiuchi (HR 6752) K0- V 1.515±0.005 0.828±0.004 5400±42 0.525±0.017 2,i
88601 165341B 70 p Ophiuchi (HR 6752) K0- V 1.221±0.015 0.667±0.009 4476±38 0.161±0.004 2,b
89047 167042 Wolf 1415 (HR 6817) K1III 1.005±0.011 5.43±0.09 4642±44 12.32±0.50 45,89,ab,o,YES
89348 168151 36 Draconis (HR 6850) F5V 0.700±0.008 1.725±0.020 6278±35 4.16±0.03 1,89,a,ab
89962 168723 58 Eta Serpentis (HR 6869) K0III-IV 2.944±0.01 5.868±0.028 5056 20.19 47,mc
90185 169022 20 Epsilon Sagittarii (Kaus Australis) A0III 1.44±0.06 6.8±0.3 9997 414.51 67,mc
90344 170693 42 Draconis (HR 6945) K1.5III Fe-1 2.099±0.008 21.778±0.429 4279±15 143.3±5.8 7,45,89,o,ab,YES
91262 172167 3 Alpha Lyrae (Vega) A1V 3.242±0.034 2.676±0.029 9751 58.1 62,67,86,mc
91852 173416 HR 7043 G8 0.995±0.034 14.918±0.774 4472±80 80.1±6.5 89,ab,YES
91768 173739 Gliese 725 A M3.0V 0.937±0.008 0.36±0.004 3418±17 0.0159±0.0003 2,b
91772 173740 Gliese 725 B M3.5V 0.851±0.015 0.316±0.007 3142±29 0.0088±0.0002 2,b
91949 173701 Gliese 725.1 K0 0.332±0.006 0.95±0.02 5297±53 0.64±0.02 33,j
92043 173667 110 Herculis (HR 7061) F5.5IV-V 1.000±0.006 2.065±0.016 6296±19 6.03±0.06 8,a
92731 175823 HR 7153 K5III: 0.988±0.023 18.9±1 4506±114 132±18 45,o
92885 175955 · · · K0 0.68±0.01 9.593±0.499 4650±59 38.75±4.19 33,j
92984 175726 · · · G1 V 0.346±0.007 0.99±0.02 6067±67 1.19±0.04 33,j
92997 176408 48 Draconis (HR 7175) K1III 1.125±0.023 10.2±0.3 4775±114 49±5 45,o
93179 176232 10 Aquilae (HR 7167) A7VpSrEu Ksn 0.275±0.009 2.32±0.09 8213 21.97 34,mc
93427 177153 · · · G0 0.289±0.006 1.29±0.04 5909±69 1.82±0.08 33,j
93747 177724 17 Zeta Aquilae (Deneb el Okab) A1V 0.895±0.017 2.45±0.05 9078±86 36.7±0.3 8,a
94376 180711 57 Delta Draconis (Altais) G9III 3.27±0.05 10.5±0.2 5039 63.57 62,63,mc
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94779 181276 1 Kappa Cygni (HR 7328) G9III 2.07±0.09 8.5±0.4 5300 50.8 61,mc
95055 181420 · · · F3 V 0.34±0.01 1.74±0.06 6283±106 4.2±0.2 33,j
95362 182736 · · · K0V 0.436±0.005 2.7±0.07 5239±37 5±0.2 33,j
95447 182572 31 b Aquilae (HR 7373) G7IV Hdel1 0.85±0.03 1.39±0.05 5626±99 1.735±0.014 8,a
95771 183439 6 Alpha Vulpeculae (Anser ) M0.5IIIb 4.46±0.05 43.7±1.2 3760 342.7 62,mc
95947 183912 6 Beta-1 Cygni (Albireo) K2II 4.83±0.05 69±3 4253 1403.17 62,mc
96014 184293 HR 7427 K1III 1.548±0.022 23.571±0.807 5023±203 318.5±54.5 90,ac
96100 185144 61 Sigma Draconis (Alsafi) G9V 1.254±0.012 0.776±0.007 5246±26 0.411±0.002 9,e
96441 185395 13 Theta Cygni (HR 7469) F3+ V 0.761±0.003 1.500±0.007 6715±12 4.12±0.02 7,8,35,89,a,ab
96459 185351 HR 7468 G8.5IIIb Fe-0.5 1.132±0.012 4.969±0.069 5042±31 14.37±0.32 53,u
96757 185758 5 Alpha Sagittae (Sham) G1II- 1.336±0.022 18.725±0.662 6581±59 592.29±37.97 58,y
96837 185958 6 Beta Sagittae (HR 7488) K0III 1.765±0.012 25.571±0.913 5294±27 462.42±33.16 58,y
96895 186408 16 c Cygni A (HR 7503)1 G1.5V 0.5465±0.009 1.238±0.022 5800±48 1.56±0.02 1,35,a
96901 186427 16 c Cygni B (HR 7504)1 G3V 0.5015±0.009 1.144±0.022 5743±52 1.28±0.01 1,35,a,YES
97070 186815 HR 7526 G8III 0.731±0.02 6.1±0.2 4820±83 18.1±1.3 45,o
97278 186791 50 Gamma Aquilae (Tarazed) K3II 7.3±0.11 95.1±2.4 4370 2948.48 61,62,63,74,mc
97527 187637 · · · F5 0.231±0.006 1.3±0.05 6155±85 2.2±0.11 33,j
97649 187642 53 Alpha Aquilae (Altair) A7Vn 3.33±0.07 1.84±0.04 7741 10.84 62,67,87,mc
97938 188310 59 Xi Aquilae (Deneb Okab) G9.5IIIb 1.726±0.008 10.441±0.177 4743±26 49.68±1.9 46,p,YES
98036 188512 60 Beta Aquilae (Alshain) G9.5IV 2.18±0.09 3.21±0.13 4920±102 5.44±0.03 36,a
98337 189319 12 Gamma Sagittae (HR 7635) M0- III 6.5±0.1 55.5±1.2 4088 763.61 62,65,79,mc
98505 189733 Gliese 4130 (Wolf 864) K2V 0.385±0.006 0.805±0.016 4875±43 0.328±0.011 37,k,YES
98767 190360 Gliese 9683 (Lalande 38380) G7IV-V 0.631±0.007 1.076±0.013 5743±31 1.134±0.014 6,89,a,ab,YES
98819 190406 15 Sagittae (Wolf 866) G0V 0.584±0.01 1.12±0.02 5763±49 1.236±0.015 38,a
100345 193495 9 Beta Capricorni (Dabih) K0 :II: + A5:N 3.2±0.1 36±4 4890 663 71,mc
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Table 3.1 (cont’d)
HIP HD Other Spectral Ang. Diam. Radius Teff Luminosity References/
Type (mas) (R) (K) (L) exoplanet host?
100587 194317 39 Cygni (HR 7806) K2.5III Fe-0.5 2.99±0.08 24.63±0.759 4195±239 169.18±37.79 59,z
101245 195820 HR 7854 K0III 0.863±0.041 10.7±0.6 4710±131 51±4 45,o
101345 195564 Gliese 792.1 A (HR 7845) G2V 0.71±0.03 1.86±0.08 5429±115 2.71±0.05 1,a
102422 198149 3 Eta Cephei (HR 7957) K0IV 2.65±0.04 4.06±0.06 4835±37 8.13±0.03 36,a
102453 197912 52 Cygni (HR 7942) K0IIIa 2.35±0.05 15.575±0.378 4626±531 100.01±45.79 59,z
102488 197989 53 Epsilon Cygni (Gienah) K0III-IV 4.61±0.05 11±0.1 4892 62.73 62,mc
103096 199305 Gliese 809 M0.0V 0.722±0.008 0.547±0.007 3745±24 0.053±0.0008 2,b
103527 199665 18 Delphini (HR 8030) G6III 1.111±0.028 8.993±0.309 5053±82 47.49±2.95 46,p,YES
104214 201091 61 Cygni (HR 8085) K5V 1.764±0.013 0.660±0.006 4389±21 0.146±0.002 11,39,b
104217 201092 61 Cygni B (HR 8086) K7V 1.597±0.020 0.600±0.008 4025±29 0.085±0.001 11,39,b
104732 202109 64 Zeta Cygni (HR 8115) G8+ IIIa Ba0.5 2.82±0.03 13.3±0.2 5249 120.52 62,74,mc
106140 204724 2 Pegasi (HR 8225) M1II 4.52±0.05 59±1 · · · · · · 62
106481 205435 73 Rho Cygni (HR 8252) G8III Fe-0.5 1.8±0.1 7.4±0.4 5344 40.21 61,mc
107350 206860 Gliese 836.7 (HR 8314) G0V CH-0.5 0.53±0.015 1.02±0.03 5860±83 1.103±0.019 1,a,YES
108859 209458 · · · F9V 0.225±0.007 1.200±0.061 6098±101 1.794±0.148 37,k,YES
108870 209100 Epsilon Indi (HR 8387) K5V 1.881±0.017 0.732±0.007 4555±24 0.208±0.002 14,e
108535 209369 16 Cephei (HR 8400) F5IV 0.621±0.018 2.452±0.073 6755±107 11.269±0.322 89,ab
109176 210027 24 Iota Pegasi (HR 8430) F5V 1.21±0.05 1.53±0.06 6314±130 3.33±0.05 11,a
109427 210418 26 Theta Pegasi (Biham) A1Va 0.862±0.018 2.62±0.08 7872±82 23.8±1.1 8,a
109577 210702 HR 8461 K0III 0.886±0.006 5.23±0.12 4780±18 12.9±0.6 4,c,YES
110538 212496 3 Beta Lacertae (HR 8538) G9IIIb Ca1 1.92±0.02 10.8±0.1 4837 56.83 61,mc
111169 213558 7 Alpha Lacertae (HR 8585) A1.5V 0.63±0.02 2.13±0.07 9079±144 27.8±0.2 8,a
111944 214868 11 Lacertae (HR 8632) K2.5III 2.6805±0.037 29±0.900 4379 285.24 45,61,mc
112158 215182 44 Eta Pegasi (Matar) G2. II-III SB 3.23±0.07 23.0±1.0 5071 308.82 63,mc
112440 215665 47 Lambda Pegasi (HR 8667) G8IIIa CN0.5 2.35±0.07 28.3±1.1 4928 421.84 61,62,mc
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Table 3.1 (cont’d)
HIP HD Other Spectral Ang. Diam. Radius Teff Luminosity References/
Type (mas) (R) (K) (L) exoplanet host?
112447 215648 46 Xi Pegasi (HR 8665) F6V 1.091±0.008 1.911±0.015 6090±22 4.53±0.03 8,a
112748 216131 48 Mu Pegasi (Sadalbari) K1III 2.52±0.058 8.8±0.217 5113 47.61 59,61,62,63,mc
112731 216174 HR 8688 G8Vb 1.598±0.012 20.924±0.656 4589±75 174.8±15.4 90,ac
112961 216386 73 Lambda Aquarii (HR 8698) M1/2 III 8.2±0.2 104.0±8.5 · · · · · · 62,71
113020 Gliese 876 A (Ross 780) M4 0.746±0.009 0.376±0.006 3131±19 0.0122±0.0002 4,c,YES
113296 216899 Gliese 880 (Ross 671) M1.5V 0.744±0.004 0.547±0.005 3731±13 0.0523±0.0009 2,b
113357 217014 51 Pegasi (HR 8729) G2V+ 0.678±0.008 1.137±0.015 5781±36 1.301±0.016 1,6,89,a,ab,YES
113368 216956 24 Alpha Piscis Austrini (Fomalhaut) A4V 2.23±0.02 1.847±0.018 8455±38 15.69±0.12 10,a,YES
113421 217107 HR 8734 G8IV-V 0.567±0.008 1.21±0.019 5391±40 1.114±0.019 1,a,YES
113881 217906 53 Beta Pegasi (Scheat) M3III 17.5±0.3 113.0±2.2 · · · · · · 62,64,65,66,74
114046 217987 Gliese 887 (Lacaille 9352) M2V 1.331±0.024 0.469±0.009 3704±38 0.0373±0.0008 14,40,b
113864 218029 HR 8779 K3III 1.862±0.044 25.369±0.927 4448±81 226.90±17.82 90,ac
114189 218396 HR 8799 F0+VkA5mA5 0.342±0.008 1.45±0.05 7163±84 4.972±0.275 41,a,YES
114570 219080 7 Andromedae (HR 8830) F1V 0.648±0.008 1.71±0.02 7359±101 7.7±0.4 5,d
114622 219134 Gliese 892 (HR 8832) K3V 1.106±0.007 0.778±0.005 4773±22 0.283±0.004 2,b,YES
114924 219623 Gliese 4324 (HR 8853) F8V 0.542±0.016 1.19±0.04 6285±94 2±0.03 1,a
116076 221345 14 Andromedae (HR 8930) G8III 1.378±0.008 11.731±0.260 4754±39 63.28±3.34 7,46,59,89,p,z,ab,YES
116584 222107 16 Lambda Andromedae (HR 8961) G8IV k 2.66±0.08 7.6±0.2 4696 24.88 61,mc
116727 222404 35 Gamma Cephei (Alrai) K1III 3.271±0.0295 4.958±0.053 4902 12.95 46,61,mc,YES
116771 222368 17 Iota Piscium (HR 8969) F7V 1.082±0.009 1.595±0.014 6192±26 3.368±0.015 8,a
116928 222603 18 Lambda Piscium (HR 8984) A7V 0.581±0.012 2.04±0.04 7734±80 13.43±0.17 1,a
Note. — Table with stellar parameters for all stars (as of November 2016) with interferometrically determined stellar radii with random uncertainties
smaller than 5%, stellar radii < 100 R, and distances up to 150 pc. Spectral types are from Anderson & Francis (2012). Stellar radius, effective
temperature, and luminosity are uniformly calculated based on the respective publication’s values of angular stellar diameter and bolometric flux plus
the stellar distance either from the publication or from van Leeuwen (2007) except where indicated. We indicate whether any given star is a known
exoplanet host in the last column. The last column also includes reference codes for angular diameter and bolometric flux measurements. Where multiple
measurements are cited, a weighted average is calculated. For more details, see Section 3.1.
aThe values for effective temperature, luminosity, and stellar radius were directly taken from White et al. (2013) since their calculations include the data
from Boyajian et al. (2013) in their fitting routines; as such, we did not calculate a weighted average of the results.
bSpectral type clearly inconsistent with stellar radius.
cEffective temperature and luminosity for this star are from the XHIP catalog (Anderson & Francis 2012), i.e., not calculated from a bolometric flux
value. No associated uncertainties for effective temperature or luminosity are given in the catalog.
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Fig. 3.1 Empirical H-R Diagram for all stars with interferometrically determined
stellar radii with random uncertainties smaller than 5%, stellar radii < 100 R, and
distances up to 150 pc (status 1 Nov 2016). Stellar effective temperature, luminosity,
and radius data for this figure are taken from Table 3.1. The diameter of each data
point is representative of the logarithm of the corresponding stellar radius. Error bars
in effective temperature and luminosity are smaller than the size of the data points.
Stars shown as blue circles are known to host exoplanets, stars shown as grey circles
are not. See also Fig. 2.1, which is based on the same data. For more information,
see Section 3.1.
References for stellar angular diameter data:
1: Boyajian et al. (2013); 2: Boyajian et al. (2012b); 3: Berger et al. (2006); 4: von
Braun et al. (2014); 5: Maestro et al. (2013); 6: Baines et al. (2008); 7: Ligi et al.
(2012); 8: Boyajian et al. (2012a); 9: Boyajian et al. (2008); 10: di Folco et al.
(2004); 11: van Belle & von Braun (2009); 12: di Folco et al. (2007); 13: The´venin
et al. (2005); 14: Demory et al. (2009); 15: Henry et al. (2013); 16: Davis et al.
(2011); 17: Hanbury Brown et al. (1974b); 18: Davis & Tango (1986); 19: Kervella
et al. (2003b); 20: Mozurkewich et al. (2003a); 21: Bigot et al. (2011); 22: Chiavassa
et al. (2012); 23: Nordgren et al. (2001a); 24: Kervella et al. (2004a); 25: von Braun
et al. (2011b); 26: Lane et al. (2001); 27: von Braun et al. (2012); 28: Creevey et al.
(2012); 29: Bigot et al. (2006); 30: Kervella et al. (2003a); 31: Baines et al. (2013a);
32: Bazot et al. (2011); 33: Huber et al. (2012); 34: Perraut et al. (2013); 35: White
et al. (2013); 36: Nordgren et al. (1999a); 37: Boyajian et al. (2015); 38: Crepp et al.
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(2012); 39: Kervella & Fouque´ (2008); 40: Se´gransan et al. (2003); 41: Baines et al.
(2012); 42: von Braun et al. (2011a); 43: Tanner et al. (2015); 44: Boyajian et al.
(2009); 45: Baines et al. (2010); 46: Baines et al. (2009); 47: Me´rand et al. (2010);
48: Baines et al. (2011b); 49: Derekas et al. (2011); 50: Baines et al. (2011a); 51:
Simon & Schaefer (2011); 52: Baines et al. (2013b); 53: Johnson et al. (2014); 54:
Creevey et al. (2015); 55: Domiciano de Souza et al. (2008); 56: van Belle et al.
(2007); 57: Ciardi et al. (2001a); 58: van Belle et al. (2009); 59: van Belle et al.
(1999); 60: Cusano et al. (2012); 61: Nordgren et al. (1999b); 62: Mozurkewich
et al. (2003b); 63: Nordgren et al. (2001b); 64: Mozurkewich et al. (1991); 65:
Hutter et al. (1989); 66: di Benedetto (1993); 67: Hanbury Brown et al. (1974a);
68: Wittkowski et al. (2004); 69: Ridgway et al. (1992); 70: Nordgren et al. (2000);
71: White & Feierman (1987); 72: Richichi & Roccatagliata (2005); 73: Woodruff
et al. (2004); 74: Dyck et al. (1996); 75: Dyck et al. (1992); 76: Bester et al. (1996);
77: Shao et al. (1988); 78: Davis & Tango (1986); 79: Wittkowski et al. (2001); 80:
Quirrenbach et al. (1996); 81: di Benedetto & Foy (1986); 82: Dyck et al. (1995);
83: van Belle et al. (1997); 84: Young et al. (2003); 85: Benson et al. (1991); 86:
Ciardi et al. (2001b); 87: Ohishi et al. (2004); 88: Kervella et al. (2004b); 89: Ligi
et al. (2016); 90: Baines et al. (2016a); 91: Kervella et al. (2016).
References for the FBOL measurements:
a: Boyajian et al. (2013); b: Mann et al. (2013); c: von Braun et al. (2014); d: Maestro
et al. (2013); e: Boyajian et al. (2012b); f: Henry et al. (2013); g: Davis et al. (2011);
h: Baines et al. (2013a); i: Eggenberger et al. (2008); j: Huber et al. (2012); k:
Boyajian et al. (2015); l: Tanner et al. (2015); m: Anderson & Francis (2011); n:
Boyajian et al. (2009); o: Baines et al. (2010); p: Baines et al. (2009); q: Baines
et al. (2011b); r: Baines et al. (2011a); s: Creevey et al. (2012); t: Baines et al.
(2013b); u: Johnson et al. (2014); v: Creevey et al. (2015); w: Code et al. (1976); x:
Alonso et al. (1994); y: van Belle et al. (2009); z: van Belle et al. (1999); aa: Mann
et al. (2015); ab: Ligi et al. (2016); ac: Baines et al. (2016a).
3.2 Selected Individual Systems
The following Sections describe some individual exoplanetary systems that were
studied with interferometry. They are somewhat arbitrarily chosen with the aim to
illustrate recent progress in the field, show particularly interesting systems from a
scientific or historic point of view, and emphasize insights gained by obtaining direct
stellar radii and effective temperatures.
3.2.1 51 Pegasi
The discovery of an exoplanet around the star 51 Peg (HD 217014) is widely con-
sidered to have ushered in the era of extrasolar planet discoveries (Mayor & Queloz
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1995), thereby surprising the community by its system architecture that is so differ-
ent from the solar system. While it heralded the birth of observational exoplanetary
science, the system itself turned out to be one of many similar subsequent discover-
ies: a hot Jupiter in orbit around a nearby (d = 15.6pc; van Leeuwen 2007), sun-like
star. The planet does not transit its parent star, but the star is readily accessible via
interferometry from CHARA and other facilities. The stellar radius was first mea-
sured by Baines et al. (2008), confirmed (albeit at lower precision) by van Belle &
von Braun (2009), and updated by Boyajian et al. (2013): R = (1.137± 0.015)R,
Teff = (5781±36) K, L = (1.301±0.016)L (see Table 3.1).
3.2.2 GJ 581
GJ 581 (HIP 74995) is a nearby (d = 6.3pc; van Leeuwen 2007) early M dwarf
(Bessel 1990; Henry et al. 1994; Hawley et al. 1996; Cutri et al. 2003) that hosts
multiple reported planets, all detected by the radial velocity technique (Bonfils et al.
2005; Udry et al. 2007; Mayor et al. 2009; Vogt et al. 2010a). The exact number of
planets in orbit around this star is a matter of debate in the astronomical literature,
ranging from three to six.
Based on von Braun et al. (2011b) and Mann et al. (2013), GJ 581’s stellar pa-
rameters are given in Table 3.1 to be R = (0.299±0.01)R, Teff = (3480±55) K, and
L = (0.0118±0.0002)L. Following the arguments in von Braun et al. (2011b) that
are based on the equations in Underwood et al. (2003) and Jones & Sleep (2010),
GJ 581’s HZ can be calculated to have an inner boundary of 0.11 AU and an outer
boundary of 0.21 AU – see also Section 2.4 on the calculation of HZ boundaries.
Since the orbital elements are known from the dynamical studies of the planetary
system, even though they may differ depending on the respective publication (e.g.,
Mayor et al. 2009 vs Vogt et al. 2010a; Anglada-Escude´ et al. 2010), the determi-
nation of which planets spend how much of their orbits inside the system HZ is
straightforward – see Fig. 3.2.
We can use the stellar parameters to calculate the planetary equilibrium temper-
atures Teq following the methods of Selsis et al. (2007):
T 4eq =
S(1−A)
fσ
, (3.1)
where S is the stellar energy flux, A is the Bond albedo, and σ is the Stefan-
Boltzmann constant (Selsis et al. 2007). In this definition, the redistribution factor f
is determined by the efficiency of atmospheric heat redistribution efficiency and is
set to 2 for a hot dayside and much cooler nightside, and it is set to 4 for even heat
redistribution, i.e., similar temperatures between dayside and nightside. Note that
although a planet’s orbit may be located in the system HZ, its equilibrium tempera-
ture may be below the freezing point for water (e.g., Earth’s Teq = 255 K), since the
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Teq values do not take into account the greenhouse effect (Wordsworth et al. 2010).
See von Braun et al. (2011b) for more details.
Figure 3.2 depicts one of the published architectures, in this case the one from
Mayor et al. (2009), of the GJ 581 system with its HZ shown as a gray-shaded
region1. Planet d spends part of its orbit in the HZ. Due to the non-zero orbital
eccentricity, Teq is a function of time (or phase angle) in this case. Thus, the T
f=4
eq
for planet d varies from 229 K at periastron to 154 K at apastron, causing it to
periodically dip into and out of the HZ.
3.2.3 GJ 15A
GJ 15A (HD 1326A) is another very nearby (distance 3.6pc; Jao et al. 2005; Henry
et al. 2006) late-type dwarf with a low-mass planet (M sini= 5.35 MEarth) in a 11.4-
day orbit (Howard et al. 2014). The star itself is the more massive component of a
stellar binary system with a separation of about 150 AU and a period of 2600 years.
The system’s proximity and brightness make it a very attractive target for various
follow-up studies.
Based on CHARA interferometry and consistent with previously obtained, lower-
precision measurements of GJ 15A’s diameter, the stellar radius is calculated to be
(0.388± 0.002) R, the effective temperature Teff= (3602 ± 14) K, and the lumi-
nosity (0.0228 ± 0.0003) L(Howard et al. 2014; see also Table 3.1).
3.2.4 GJ 876
The nearby (4.7 pc), late-type (M4), multiplanet host GJ 876 (HIP 113020) has at
least four non-transiting planets in orbit (Correia et al. 2010; Rivera et al. 2010).
The inclination angle of the system is known to be 59.5◦. The planet masses range
from 6.83 MEarth to 2.28 MJup in orbital distances that range from 0.02 to 0.33
AU with periods between 1.94 days and 124.26 days (Rivera et al. 2010). CHARA
interferometry was used to determine stellar radius = (0.376± 0.006) R, Teff =
(3131± 19) K, and L = (0.0122± 0.0002) L(von Braun et al. 2014; see also Table
3.1).
These values imply optimistic / conservative HZ boundaries of 0.09–0.24 AU /
0.12–0.23 AU. For an image of the system architecture, see Fig. 3.3 in which the
conservative HZ is shaded in light grey and the optimistic HZ additionally containst
the dark grey parts. Planet b spends its entire orbit in the conservative HZ, whereas
planet c spends 68.5% of its orbital period in it. Both planets spend their entire orbits
in the optimistic HZ. The size of the box is 0.8 AU × 0.8 AU.
1 Note that the concept of optimistic versus conservative HZ boundaries did not exist until 2013
(see §2.4).
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Fig. 3.2 A top-down view of the GJ 581 system based on the Mayor et al. (2009)
orbital elements. The habitable zone is indicated by the gray-shaded region with
calculated boundaries of 0.11 and 0.21 AU. Planet d spends part of its elliptical
orbit in the HZ. Note that other orbital architectures are published in, e.g., Vogt
et al. (2010a); Anglada-Escude´ et al. (2010). Planet f (a = 0.758 AU) is not shown
for purpose of clarity. For more details, see §3.2.2. Figure adapted from von Braun
et al. (2011b).
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Analogous to Section 3.2.2, we can calculate the equilibrium temperatures Teq
for the GJ 876 planets. If we assume a Bond albedo value of 0.3, the planetary
equilibrium temperatures for f = 4 are 587 K (planet d), 235 K (planet c), 186 K
(planet b), and 147 K (planet e). The Teq values for f = 2 are 698 K (d), 280 K (c),
221 K (b), and 174 K (e). These values scale as (1−A) 14 for other Bond albedo
values (Equation 3.1).
Previously published values for the stellar radius of GJ 876, based on indirect
methods, are significantly below our directly determined value: 0.24R (Zakhozhaj
1979) and 0.3R (Laughlin et al. 2005; Rivera et al. 2010). 0.3R is the value that
is frequently used in the exoplanet literature on GJ 876 – note that that value is 25%
lower and more than 10σ below the directly determined value in Table 3.1, provid-
ing additional incentive to help solve the ongoing discrepancy between theoretically
predicted and empirically determined stellar radii particularly for late-type dwarfs.
For the system effective temperature, literature values feature a seemingly bimodal
distribution of values: 3130 K (Dodson-Robinson et al. 2011), 3165±50 K (Houde-
bine 2012), 3172 K (Jenkins et al. 2009), 3765+477−650 K (Ammons et al. 2006), and
3787 K (Butler et al. 2006).
3.2.5 61 Vir
61 Vir (HD 64924) is a nearby (8.6 pc), G7 dwarf with three planets in or-
bit. Their periods range from 4.2 to 124 days and minimum masses from 5.1 to
24 MEarth (Vogt et al. 2010b). CHARA interferometry produced a stellar radius
(0.987± 0.005) R, an effective temperature of (5538 ± 13) K, and a luminosity
of (0.825 ± 0.003) L(von Braun et al. 2014; see Table 3.1). All of the exoplanets
reside closer to the parent star than the inner edge of the system HZ.
Previously published values for 61 Vir’s stellar radius are consistent with Takeda
et al. (2007) or ∼ 2σ below (Valenti & Fischer 2005) the value quoted here. Effec-
tive temperatures in the literature are generally in agreement with the value in Table
3.1 (Valenti & Fischer 2005; Ecuvillon et al. 2006).
In contrast to the late-type dwarfs that have not appreciably evolved since their
births, 61 Vir’s stellar parameters can be used as input to isochrone fitting to estimate
stellar mass and age. von Braun et al. (2014) thus calculate an age of 8.6± 5 Gyr
and mass of 0.93±0.05M.
3.2.6 HD 69830
HD 69830 is a nearby (12.5 pc), K0 dwarf with three Neptune-mass exoplanets
(minimum masses between 10 and 18 MEarth) in slightly eccentric orbits with peri-
ods between 8.7 and 197 days. A very interesting feature of this system is that it has
a prominent asteroid belt initially discovered via a Spitzer 24µm excess (Beichman
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Fig. 3.3 Architecture of the GJ 876 system. The conservative HZ is shown in light
grey, the optimistic HZ includes the light grey and dark grey regions. Planets b and
c spend their entire orbits in the optimistic HZ. Planet b spends its entire orbit in
the conservative HZ, whereas planet c spends 68.5% of its orbital period in it. For
details, see §3.2.4, and Table 3.1. Orbital parameters for the planets are from Rivera
et al. (2010). For scale: the size of the box is 0.8 AU× 0.8 AU. Figure adapted from
von Braun et al. (2014).
et al. 2005) at a distance of 0.5–1 AU from the star. CHARA interferometry enables
the measurement of the stellar radius (0.9058±0.0190) R, stellar Teff (5394± 62)
K, and stellar luminosity (0.622 ± 0.014) L(Tanner et al. 2015; see Table 3.1).
The stellar parameters allow for the calculation of the optimistic and conservative
system HZ (0.605–1.442 AU and 0.767–1.368 AU, respectively). The outermost
planet (d) spends the majority of its elliptical orbit in the optimistic HZ. Isochrone
fitting with the use of echelle spectra yields a system age of 7.5 ± 3 Gyr, implying
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that the asteroid belt is not primordial but needs to either be replenished through
asteroid impacts or be a short-lived phenomenon (Tanner et al. 2015).
3.2.7 HR 8799
HR 8799 (HD 218396) is a young, chemically peculiar, early-type pulsator star that
exhibits an excess of infrared radiation longwards of 20µm, indicative of thermal
emission from a debris disk (Su et al. 2009). It also is known to host four directly im-
aged substellar-mass companions (Marois et al. 2008, 2010). The age of the system
is instrumental in determining the companion masses, putting them either into the
exoplanet mass range for very young ages (10 – 100 Myrs) or into the brown dwarfs
domain for older ages. Age estimates for this system, based on various methods,
vary widely: they range from 20 Myrs to more than 1.6 Gyrs – see the discussion
in the introduction of Baines et al. (2012), in particular their table 1. This discrep-
ancy in calculated system age motivated the Baines et al. (2012) interferometric
study of this star using CHARA, whose results, when coupled with trigonometric
distance and bolometric flux measurement, impose model-independent constraints
on the calculation of stellar mass and age.
HR 8799’s radius, effective temperature, and luminosity are measured to be
(1.45±0.05)R, (7163 ± 84) K, and (4.973±0.275)L (Baines et al. 2012; Boy-
ajian et al. 2013), respectively. Baines et al. (2012) note that the radius is 8% larger
than the one used in a number of aforementioned studies to determine the system
age. Following the arguments that the chemical pecularity of the system is caused
by the debris disk and the stellar metallicity is, in fact, close to solar, Baines et al.
(2012) calculate the stellar mass to be around 1.5 solar masses, and the stellar age
to be young (≤ 0.1 Gyr), which is supported by dynamical arguments. If the abun-
dance of HR 8799 is indeed close to solar, then that implies that the companion are
of planetary mass, i.e., below the brown dwarf boundary.
3.2.8 55 Cancri
55 Cancri (HD 75732; ρ Cancri; 55 Cnc) is a nearby (12.5 pc) G/K dwarf currently
known to host five extrasolar planets with periods between around 0.7 days and 14
years and minimum masses between 0.026 and 3.84 MJup (Butler et al. 1997; Marcy
et al. 2002; McArthur et al. 2004; Fischer et al. 2008; Dawson & Fabrycky 2010).
The innermost planet (e) transits its host star (Demory et al. 2011; Winn et al. 2011).
55 Cnc is a very attractive target for interferometric studies to directly determine or
constrain stellar and planetary system parameters for the following reasons: (1) the
close proximity of the system enables the interferometric measurement of the stellar
diameter, (2) the range of the planets’ orbital periods and semi-major axes puts some
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of them into or close to the system HZ, and (3) the transiting planet whose diameter
is a direct function of the stellar diameter.
3.2.8.1 Stellar Parameters
The CHARA interferometric studies presented in von Braun et al. (2011a) and Ligi
et al. (2016) measure 55 Cnc’s limb-darkening corrected angular diameters whose
weighted average, when combined with SED fitting (von Braun et al. 2011a,b;
Boyajian et al. 2013; Ligi et al. 2016) and trigonometric parallax measurements
(van Leeuwen 2007), produce the following system parameters: stellar diameter
R = (0.945± 0.010)R, TEFF = (5178± 17) K, and L = (0.578± 0.011)L. The
value for θLD in Table 3.1 is consistent with the previously published value in van
Belle & von Braun (2009) at the 1.5σ level. Furthermore, it exactly corresponds
to the angular diameter required for 55 Cnc to fall onto the TEFF versus (V −K)0
relation in van Belle & von Braun (2009); see their equation 2 and section 5.4.1. It
is also worth noting that the von Braun et al. (2011a) and Ligi et al. (2016) numbers
for 55 Cnc’s stellar radius are consistent with the calculated value in Fischer et al.
(2008) based on stellar parameters in Valenti & Fischer (2005).
When comparing the astrophysical parameters for 55 Cnc’s stellar luminosity
and effective temperature to the Yonsei-Yale stellar isochrones (Demarque et al.
2004; Kim et al. 2002; Yi et al. 2001) with [Fe/H] = 0.31 (Valenti & Fischer 2005;
Fischer et al. 2008), von Braun et al. (2011a) obtain a stellar age of 55 Cnc of 10.2
± 2.5 Gyr and stellar mass of 0.905 ± 0.015M, which are in good agreement with
the values published in Valenti & Fischer (2005) and Fischer et al. (2008), based
on spectroscopic analyses, and Wright et al. (2004) and Mamajek & Hillenbrand
(2008), based on the Ca II chromospheric activity indicators and gyrochronology
relations. Finally, the surface gravity logg = 4.45± 0.01 is readily computed from
radius measurement and mass estimate.
3.2.8.2 Habitable Zone and Planet 55 Cnc f
von Braun et al. (2011a) use the equations in Underwood et al. (2003) & Jones &
Sleep (2010) to calculate inner (0.67 AU) and outer (1.32 AU) edges of the HZ
from stellar luminosity and effective temperature. The HZ is shown as the gray-
shaded region in Figure 3.4, which illustrates the architecture of the 55 Cnc system
at different spatial scales2.
Equilibrium temperatures Teq for the five planets can be calculated using Equa-
tion 3.1. All of 55 Cnc’s known planets, except planet f, are either located well
inside or beyond the system’s HZ. Figure 3.4 shows the orbital architecture of the
55 Cnc system, centered on the star at increasing zoom levels. The habitable zone is
2 The distinction between optimistic and conservative HZ boundaries did not exist in 2011 (see
§2.4).
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indicated by the gray shaded region. The inner planets b, c, e (the transiting super-
Earth; see §3.2.8.3), and the outer planet d are not in the system HZ. 55 Cnc f
(M sin i = 0.155MJup = 49.3MEarth; table 10 in Dawson & Fabrycky 2010), how-
ever, is in an elliptical orbit (e' 0.3) during which it spends about 74% of its∼ 260
days orbital period inside the system HZ at a time-averaged distance of 0.82 AU
from the parent star (von Braun et al. 2011c). Thus, Teq for planet f is a function of
phase angle. For the f = 2 scenario (no heat redistribution between day and night
sides) and a Bond albedo of A = 0.29, planet f’s time-averaged dayside tempera-
ture is 294 K, and varies between 263 K (apastron) and 359 K (periastron). For the
scenario of even heat redistribution ( f = 4) and A = 0.29, planet f’s time-averaged
surface temperature T f=4eq = 247 K, with a variation of 221 K at apastron to 302 K
at periastron.
Planet f’s long-period, elliptical orbit makes any kind of tidal synchronization
unlikely. Further taking into account its mass that is typical of that of gas giant plan-
ets, f = 4 appears to be a much more likely scenario than f = 2 or similar. For the
above calculations of Teq, an orbital eccentricity of e f = 0.3 was assumed; however,
Dawson & Fabrycky (2010) state that the orbital eccentricity is most likely between
0.13 and 3. The differences between the temperatures at apastron and periastron cal-
culated above, as well as the planet average Teq, decrease if e f is smaller than 0.3
(von Braun et al. 2011a).
55 Cnc f is likely too massive to harbor liquid water on any planetary surface
since it probably does not have a defined surface (Selsis et al. 2007). In terms of an
actual habitable object in the 55 Cnc system, there are thus two potential candidates:
a massive moon in orbit around planet f or an additional low-mass planet in or near
the HZ.
Could 55 Cnc f host a potentially habitable moon? The short answer is yes, but
the moon would have to be massive enough to retain a sufficiently thick atmosphere
(Williams et al. 1997; Agnor & Hamilton 2006), or the true orbital eccentricity of
planet f would have to be lower that 0.3 to decrease the equilibrium temperature of
the hypothetical planet-moon system.
Could there be an unseen, low-mass planet with a stable orbit in the system HZ?
The short answer to that is also yes. Based on dynamical studies, there are small
ranges in distance for which orbits of low-mass planets are stable for e f ∼ 0.3:
either the outermost regions of the HZ or a small torus between 1.02-1.04 AU at the
exterior 3:2 mean motion resonance with planet f (Raymond et al. 2008). For lower
values of e f , these ranges increase in size.
3.2.8.3 Transiting Planet 55 Cnc e
Any calculation of planetary radius of a transiting planet of the form
δ f lux= (
Rp
R?
)2, (3.2)
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Fig. 3.4 Orbital architecture of the 55 Cnc system, centered on the star at increasing
zoom levels indicated by the dashed lines from left to right (note the different scales
on the ordinate). The habitable zone is indicated by the gray shaded region. Orbital
element values are from Dawson & Fabrycky (2010). Planet f periodically dips into
and out of the HZ during its elliptical (e' 0.3) orbit (left and middle panels). Planets
b, c, e (the transiting super-Earth), and d are not in the system HZ. For details, see
§3.2.8.2. Figure adapted from von Braun et al. (2011a).
where δ f lux implies the measured flux decrement during planet transit, repre-
sents a lower limit to the planetary radius because it assumes that the planet is an
opaque spot superimposed onto the stellar disk during transit. In reality, the tempera-
ture contrast between star and planet also enters the equation (Winn 2010). However,
the close proximity of 55 Cnc e to its parent star makes any atmosphere retention
extremely unlikely, rendering the above assumption adequate. The interferometric
study yields the stellar radius, and the flux decrement is produced by the two con-
current studies that announced the transit signature of planet e in 2011.
Winn et al. (2011) obtain RpR? = 0.0195± 0.0013 and Mp = 8.63± 0.35M⊕ im-
plying Rp = 2.007± 0.136R⊕ and a planetary bulk density of 5.882± 0.728 g
cm−3 or 1.067± 0.132ρ⊕. Demory et al. (2011) measure RpR? = 0.0213± 0.0014
and assume a planetary mass of 7.98± 0.69M⊕, which produces planetary radius
of 2.193± 0.146R⊕ and a bulk density of 4.173± 0.602 g cm−3, corresponding to
0.757±0.109ρ⊕. For more information, see figure 3 in Winn et al. (2011) and fig-
ures 5 & 6 in Demory et al. (2011). It should be noted that, although 55 Cnc is one of
the brightest known stars with a transiting planet, the amplitude of the transit signal
is very small, making the determination of planet radius very difficult.
3.2.9 GJ 436
GJ 436 (HIP 57087) is a well-studied, nearby (10.2 pc) M3 dwarf that is known to
host a transiting, Neptune-sized exoplanet in a 2.64-day orbit (Butler et al. 2004;
Demory et al. 2007; Deming et al. 2007; Gillon et al. 2007a,b; Ca´ceres et al. 2009;
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Bean et al. 2008; Pont et al. 2009; Figueira et al. 2009; Ballard et al. 2010a; South-
worth 2010a). This system is a particularly good target for interferometry studies
due to the following aspects:
• GJ 436 is an M dwarf. The obvious assumption in the calculation of planetary
radius and density is the knowledge of the stellar radius calculated from, for
instance, stellar models. For spectral types around M3V, the well-documented
offset between model radii and directly measured counterparts is on the order of
a few to ten percent (Torres 2007; Lo´pez-Morales & Shaw 2007; Lo´pez-Morales
2007; von Braun et al. 2008; Boyajian et al. 2010; Mann et al. 2013, 2015, and
references therein); but see also Demory et al. (2009).
• The transit depth is much larger than that of, e.g., 55 Cnc e (§3.2.8.3), making
very precise measurements much more straightforward.
• The planet-to-stellar mass ratio is greater than for 55 Cnc e as well, improving
the precision of mass determination based on radial velocity studies.
• There are a number of space- and ground-based studies of this system whose
results can be combined with interferometry results to fully characterize both the
stellar and planetary parameters.
3.2.9.1 Directly Determined Stellar Parameters
CHARA interferometry presented in von Braun et al. (2012), coupled with trigono-
metric parallax values from van Leeuwen (2007) and SED fitting from Mann
et al. (2013), produces the following directly determined stellar parameters: R? =
(0.455± 0.018)R3, TEFF = (3505± 55) K4, and L = (0.0281± 0.0014)L (see
Table 3.1).
A comparison between the interferometrically determined radius and that pre-
dicted by stellar models – the Baraffe et al. (1998) models with 5 Gyr age, solar
metallicity, 0.44 M mass for GJ 436 (Maness et al. 2007; Torres 2007) – readily
confirms the radius discrepancy for M dwarfs mentioned above: the interferometry
radius (0.455R) exceeds the theoretical one (0.409R) by 11%. This aspect is fur-
ther discussed in Torres (2007), where the radius of GJ 436 is found to be overly
inflated for its mass.
3 Especially for a transit depth much greater than the one of 55 Cnc e, the question can be asked
whether an interferometric measurement obtained during planetary transit or during the presence
of star spots could produce a radius estimate that is thus artificially reduced. As seen in van Belle
(2008), this effect is expected to be very small. Interferometric visibility variations in a single data
point due to a transiting planet will impact current diameter measurements at the δθ ' 0.6% level,
buried in the measurement noise of the result based on all obtained visibility measurements. Since
spots feature lower contrast ratios than transiting planets, expected visibility variations are even
smaller.
4 Due to the grazing transit in the GJ 436 system, limb-darkening models play a larger role in the
calculation of the planetary radius calculated than for central transits. Knowing the stellar effective
temperature to a higher precision thus provides particularly important constraints for this system.
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If, however, light curve analysis of the transiting planet is used in conjunction
with the the stellar mass values from Maness et al. (2007) or Torres (2007), literature
values of the stellar radius of GJ 436 are in agreement with the direct von Braun et al.
(2012) measurement (Gillon et al. 2007b,a; Deming et al. 2007; Shporer et al. 2009;
Ballard et al. 2010b; Southworth 2010a; Knutson et al. 2011), clearly illustrating the
value of transiting planets for not just planetary but also stellar physics. See Torres
(2007) for a very good review and more details on this aspect.
In the same manner as for GJ 581 (§3.2.2) and 55 Cnc (§3.2.8), the system HZ
can be calculated to be located at 0.16 – 0.31 astronomical units (AU) from GJ 436,
clearly beyond the orbital semimajor axis of GJ 436b (a' 0.03 AU).
3.2.9.2 Calculated Parameters for Star and Planet
The knowledge of stellar radius provides for a way to calculate, rather than assume,
a stellar mass, instead of the other way around. The study by von Braun et al. (2012)
uses the directly measured stellar parameters (see §3.2.9.1 and Table 3.1) and com-
bines them with a global analysis of literature time-series photometry and radial
velocity (RV) data to obtain a characterization of the system as a whole, including
stellar and planetary physical and orbital parameters.
In a transiting exoplanet system, the shape of the light curve depends in part
on the mean stellar density (e.g., Seager & Malle´n-Ornelas 2003; Sozzetti et al.
2007; Tingley et al. 2011). Consequently, von Braun et al. (2012) follow the tech-
nique described in Collier Cameron et al. (2007) and combine publicly available RV
and photometry time-series data on GJ 436 in a global Markov Chain Monte Carlo
(MCMC) analysis, setting the directly determined stellar parameters to be fixed. The
derived astrophysical parameters fully characterize the system (planet and star) and
include planetary and stellar masses, bulk densities, radii, surface gravities, plus or-
bital elements, along with associated uncertainties (see tables 2 and 4 in von Braun
et al. 2012).
3.2.10 HD 209458
HD 209458 was the first known transiting planet (Charbonneau et al. 2000) and has
been studied very extensively over the course of the past two decades. The system
consists of a solar-type host star at a distance of about 47 pc with an inflated hot
Jupiter in a 3.5-day orbit. There are myriad different data products for the star and
exoplanet, including very-high-precision photometry and spectroscopy time series.
HD 209458 is the first system for which spectral lines for both star and planet were
individually detected (Snellen et al. 2010), allowing for the independent determi-
nation of component masses since the inclination angle of the planetary orbit with
respect to the line of sight is known.
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The study presented in Boyajian et al. (2015) uses optical CHARA interferom-
etry and flux-calibrated spectrophotometry data to determine HD 209458’s stellar
parameters to be R? =(1.200±0.061) R, Teff =(6098±101) K, and L =(1.794±
0.148) L (see Table 3.1). The angular diameter of HD 209458 is just slightly over
0.2 mas, which is at the current resolution limit of the CHARA Array. Coupled with
space-based, infrared transit depth measurements (Beaulieu et al. 2010) and plane-
tary and stellar mass values from Snellen et al. (2010), Boyajian et al. (2015) obtain
empirically determined values for the planetary radius of (1.451±0.074) RJup and
the planetary bulk density of (0.260±0.043) g cm−3, which is similar to the density
of cork. Other directly determined parameters include stellar bulk density as well as
the surface gravities for both planet and parent star (see table 3 in Boyajian et al.
2015).
Previously published works on HD 209458’s stellar parameters, e.g., Cody &
Sasselov (2002), Torres et al. (2008), and Southworth (2010b, 2011), agree well
with the value in Table 3.1. Furthermore, the surface brightness relations published
in Boyajian et al. (2014), which are empirical relations between broad-band colors
and angular stellar diameter (see §4.2), accurately predict HD 209458’s radius.
3.2.11 HD 189733
The aforementioned study that presented interferometry results on HD 209458
(§3.2.10) used the same methods to investigate the transiting planet host HD 189733,
an early K dwarf at a distance of 19.2 pc (Boyajian et al. 2015): R? =(0.805±0.016)
R, Teff =(4875± 43) K, and L =(0.328± 0.011) L (see Table 3.1). Due to its
brightness, HD 189733 has been similarly well studied as HD 209458, resulting in
availability of many different data products. As for HD 209458, spectral line detec-
tion for both parent star and transiting exoplanet in the HD 189733 system enables
the calculations of both component masses individually (de Kok et al. 2013; Rodler
et al. 2013). Using the de Kok et al. (2013) component mass values and transit
depth measurements from Agol et al. (2010) in combination with their interfer-
ometry and spectrophotometry data, Boyajian et al. (2015) empirically determine
the planetary radius to be (1.216± 0.024) RJup and the planetary bulk density of
(0.802± 0.038) g cm−3, consistent with the density of butter. As for HD 209458,
table 3 in Boyajian et al. (2015) contains the other directly determined parameters
such as stellar bulk density and surface gravities for both planet and parent star.
The measured angular diameter from Boyajian et al. (2015) agrees well with the
predicted one from the surface brightness relations in Boyajian et al. (2014) and the
one previously obtained via interferometry (Baines et al. 2007), but the error esti-
mate on the stellar diameter is better by a factor of about 3 in Boyajian et al. (2015)
due to the fact that the observations were obtained at optical (R) instead of near-
infrared (H) wavelengths (see §2.1). Unlike HD 209458, however, the measured
stellar diameter is inconsistent with model predictions at the > 2σ level: the model
predictions underestimate the stellar diameter for HD 189733 by 5-10%, depending
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on the assumptions and/or models (Torres et al. 2008), confirming this previously
reported discrepancy (Torres 2007; Torres et al. 2008; Boyajian et al. 2012b; von
Braun et al. 2012; Spada et al. 2013); see figure 3 and section 5 in Boyajian et al.
(2015).
In order to adjust stellar models to comply with observational data in the liter-
ature, especially the interferometrically determined radius, Boyajian et al. (2015)
vary a number of different model input parameters, such as system age, different
aspects of stellar composition, e.g., metalliticy, primordial helium abundance, etc.,
plus magnetic fields and starspots, and convection. The only scenario that harmo-
nizes model output with all available literature observables consists of lowering of
the numerical value of the solar-calibrated mixing-length parameter αMLT, which is
a measure of the distance in units of the pressure scale height over which a parcel of
gas dissipates its energy and adjusts its temperature to its surroundings.
This finding provides motivation to re-calibrate mixing-length parameters for
stars with lower masses than the sun in order to reduce or even eliminate the consis-
tent discrepancy between directly determined stellar radii and effective temperatures
vs. the ones predicted by stellar models.
3.2.12 HD 219134
HD 219134 (GJ 892) is a nearby (6.5 pc), late-type dwarf with six or more planets in
tightly packed orbit (Vogt et al. 2015). Motalebi et al. (2015) used Spitzer to detect
a transit signature of the innermost planet, a super-earth in a 3-day orbit.
The host star was studied in Boyajian et al. (2012b); Mann et al. (2013): R? =
(0.778± 0.005)R, Teff = (4773± 22) K, and L = (0.283± 0.004)L (Table 3.1).
Huber (2016) furthermore presents preliminary results on radius determination via
optical interferometry and demonstrates excellent agreeement between the Boyajian
et al. (2012b) NIR and his optical CHARA data.
Knowledge of the stellar radius coupled with the Spitzer flux decrement during
transit produces the planetary radius of 1.6 REarth and a planetary density similar
to the one of Earth (Motalebi et al. 2015). The system’s proximity and brightness
makes it well suited for follow-up studies.
3.2.13 Other Systems
In addition to the systems pointed out individually in the Sections above, there are
obviously a number of other ones that are interesting in their own right. A few
examples of those are briefly summarized below. System parameters are given in
Table 3.1.
HD 9826 (υ And) represents the first discovery of a multiple planet system
around a main sequence star and the first multiple planet system found in a binary
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star system. The planets are furthermore believed to be in non-coplanar orbits. The
exoplanet host star was characterized via interferometry and SED fitting in Baines
et al. (2008); Ligi et al. (2012); Boyajian et al. (2013); Ligi et al. (2016).
The Alpha Centauri triple star system is our closest stellar neighbor and hosts
a planet around the faintest component. The brighter two stars were characterized
in Kervella et al. (2003b); Bigot et al. (2006); Boyajian et al. (2013); Kervella et al.
(2016, 2017).
Fomalhaut is one of very few stars with a directly imaged substellar companion
in orbit. Interferometry on Fomalhaut was performed in di Folco et al. (2004); Davis
et al. (2005).
HD 33564 is a bright (naked-eye) F-star with a substellar companion in the sys-
tem HZ. The host star was characterized in von Braun et al. (2014).
Finally, the TERMS survey (Kane et al. 2009) aims to characterize exoplane-
tary systems with respect to their orbital and astrophysical properties and looks for
transit signatures of known RV planets. Knowledge of the host star radii is impor-
tant to determine planetary radii if transits are detected and to constrain statements
regarding planetary radii if no transits are detected at a given relative photometry
precision, e.g., for the targets HD 38529 (Henry et al. 2013) and 70 Vir (Kane et al.
2015).
3.3 Summary of Results
The most important of the study presented here and the ones on which it reports
is the accumulation of the individual results into a sizeable number of stars with
directly determined diameters that cover a wide range in radii and effective temper-
atures (Table 3.1 and Figure 3.1). Various subsets of these insights have been and
are being used to calibrate semi-empirical relations between observables and the
predictions for astrophysical parameters of stars too faint or too distant to study in-
terferometrically, which obviously constitutes the vast majority of stars in the Milky
Way. The same applies to providing constraints for the continuous improvements of
stellar models.
Another insight from Table 3.1 is that we confirm the discrepancy between pre-
dicted and measured stellar radii, which increases for late-type dwarfs or stars much
hotter than the sun – canonical values here are 5–10% in diameter and 3–5% in
effective temperature, but with examples that exceed these values. Reasons for this
discrepancy have been proposed in the past as being stellar metallicity, activity, etc.
We find for one very well studied system (HD 189733) that it may instead be the
convective mixing-length parameter αMLT (§3.2.11).
Figure 3.1 furthermore indicates that there is no systematic difference in terms of
astrophysical parameters between planet-hosting stars and stars not currently known
to host planets. This is no surprise, of course, since the designation of “stars not
currently known to host planets” may not indicate that they do not have (thus far
undiscovered or unpublished) planets in orbit. One such example is HD 219134
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whose parameters were published in (Boyajian et al. 2012b) and (Mann et al. 2013),
but whose planets were not known to the astronomical community until 2015 (Vogt
et al. 2015; Motalebi et al. 2015). In addition, if there were a significant difference
between stars with and without planets, the origins of this difference would most
likely have to lie in the formation mechanisms, which, given the insignificant frac-
tion of system mass contained in planets, would appear surprising.
Finally, we generally find very good agreement for different angular diameter
measurements across different studies even when different interferometers were
used. This agreement has been documented before (e.g., Boyajian et al. 2012b,
2013; Huber 2016).
Chapter 4
Future Work
4.1 The Possible: Future Targets
CHARA and VLTI continue to the be the currently most productive interferometers
in the world for the measurements of stellar diameters, with the Naval Precision
Interferometer (NPOI) contributing to the measurements of diameters of larger-
diameter, brighter stars. NPOI will undergo substantial upgrades to its infrastruc-
ture in the next few years and thus open up parameter space currently unavailable
to other interferometers. Furthermore, upgrades to CHARA, in particular the instal-
lation of an adaptive optics system, in the near future will push CHARA’s limits in
both sensitivity and resolution to higher levels.
Even with current capabilities1, however, the number of stars that can be char-
acterized with CHARA is high, both with and without known exoplanets around
them. The continuation of the surveys described in this work by various groups
will continue to provide direct measurements of stellar astrophysical parameters
and thus characterization of individual systems and the addition of constraints to
stellar models and correlations between measurable quantities and non-observable
astrophysical quantities.
Of particular interest among the observable stellar systems are host stars with
multiple planets in orbit and/or planet(s) in the respective HZs, transiting planets
hosts, and late-type stars, irrespective of whether they host planets or not. As we
showed above, interferometric measurements are especially useful for transiting
planet systems (see Sections 3.2.8, 3.2.9, 3.2.10, 3.2.11, and 3.2.12). We are cur-
rently targeting one of the few currently known transiting system attainable with
CHARA’s capabilities: HD 97658. Its planet was first announced in Howard et al.
(2011) with a subsequent transit discovery using MOST in Dragomir et al. (2013)
1 As of the time of this writing, CHARA can, in good observing conditions, observe stars as far
south as around –30 degrees in declination, stars as faint as V ' 11 coupled with either R ' 8 for
optical work or H ' 8 for NIR work, as well as stellar angular diameters as small as around 0.4 mas
in the NIR and 0.25 mas in the optical. These numbers are (1) dependent on observing conditions,
and (2) continually improving with ongoing system optimization and upgrades.
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and follow-up study with Spitzer in Van Grootel et al. (2014), plus a study of its
atmosphere in Knutson et al. (2014). The planet is a super-earth (7.5 MEarth, 2.2
REarth) in a 9.5 day orbit, and its planetary parameters can be much more tightly
constrained with a direct radius measurement (e.g., Van Grootel et al. 2014; Knut-
son et al. 2014).
To repeat the motivation of our interferometric survey, it is impossible to over-
state the importance of “understanding the parent stars”. With ongoing improve-
ments in both sensitivity and angular resolution of NIR and optical interferometric
data quality, we continue to provide firm, direct measurements of stellar radii and
effective temperatures for exoplanet hosts and stars in the low-mass regime.
4.2 The Impossible: Indirect Methods, Limits, and Beyond
The number of stars accessible to interferometry is limited by brightness and/or
angular size. Thus, for most stars in the Milky Way, other methods need to be used
to determine stellar diameters and other astrophysical parameters, such as for the
very interesting transiting systems GJ 1214 and HD 149026. Interferometric results
are often used to calibrate these methods, however.
The full spectrum of these methods is beyond the scope of this publication (but
see, e.g., Boyajian et al. 2013, for some examples). However, we outlined in §2.3
alternate approaches to obtaining stellar diameter via the Stefan-Boltzmann Law by
measuring bolometric flux and determining effective temperature via spectroscopic
studies and/or using stellar models. This probably represents one of the most widely
used approaches, particularly for late-type dwarfs for which interferometry is dif-
ficult due to the reasons mentioned above (e.g., Muirhead et al. 2012; Rojas-Ayala
et al. 2012, 2013; Rojas-Ayala 2013; Mann et al. 2013, 2015; Newton et al. 2015;
Gaidos et al. 2016, and references therein). Particular care needs to be taken to use
improved literature broad-band filter zero points and response functions when mea-
suring bolometric flux of target stars to avoid systematic effects and underestimate
temperature uncertainties (Bohlin et al. 2014; Mann & von Braun 2015).
The accuracy of tabulated limb-darkening coefficients can also be examined via
interferometric observations. For this to be possible, one’s data need to cover the
higher lobes of the interferometric visibility function, i.e., past the first zero in Fig-
ure 2.6. Such observations are more difficult to accomplish due to the lower fringe
contrast in the higher lobes, and they require larger angular diameters of the tar-
gets and/or longer baselines and/or shorter wavelengths. One recent such example
is published in Kervella et al. (2017) for the α Centauri system using VLTI. Fu-
ture observations of this kind, as the resolving power of interferometers increases,
will further reduce systematic uncertainties in the conversion from uniform disk to
limb-darkening corrected diameters (see §2.1).
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The large and increasing2 number of stars with directly determined astrophysical
parameters allows for the establishment of relations of observable quantities with
parameters such as effective temperature or angular diameters that are applicable
for distant and/or faint stars. These relations are almost entirely direct in the sense
that no stellar models or spectral modeling are necessary.
One example of such relations, between broad-band colors and effective temper-
atures for main sequence stars, is presented in Boyajian et al. (2013), and we show
in Fig. 4.1 their results for V − Ic color3 vs stellar effective temperature. The black
line corresponds to the best fit, which is a 3rd order polynomial based on 34 stars
fulfilling various criteria. The scatter of data around the fit is approximately 3%.
The different colors of the data points correspond to different metallicity values –
the scale is the same as shown in Fig. 4.2. Similar fits are given in Boyajian et al.
(2013) for combinations of 43 different broad-band photometric color indices.
Another set of such relations is published in Boyajian et al. (2014) that link 48
different broad-band color indices to angular diameters of main sequence stars – the
so-called surface brightness relations (SBRs; based on Wesselink 1969). Fig. 4.2
shows their relation between V − Ic color and the logarithm of the zero-magnitude
angular diameter, θV=0, which corresponds to the angular diameter that a star would
have if it were at a distance at which its apparent magnitude V is zero. The black
curve illustrates the best fit to the data (4th order polynomial), and the colors of the
data points represent stellar metalliticy values according to the scale on the top of
the panel. The red, dashed line displays a previously published fit for SBRs.
While the SBRs in Boyajian et al. (2014) are restricted to main sequence stars,
work is currently in progress that updates the Boyajian et al. (2014) equations with
more data and combines the SBRs to encompass both main sequence and giant stars
(Adams et al. 2016).
2 Two sizeable data sets of interferometric observations of evolved stars that are nearing publication
are described in Baines et al. (2016b), based on NPOI data, and van Belle et al. (2017), based on
data taken with the since retired Palomar Testbed Interferometer (PTI).
3 Ic represents Cousins I.
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Fig. 4.1 Relation between stellar effective temperature of main sequence stars and
broad-band V − Ic color. The black line corresponds to the best fit, which is a 3rd
order polynomial based on 34 stars fulfilling various criteria. The scatter of data
around the fit is around 3%. The different colors of the data points correspond to
different metallicity values – the scale is the same as shown in Fig. 4.2. Figure
adapted from Boyajian et al. (2013). See §4.2 for more details.
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Fig. 4.2 Surface brightness relation for V − Ic color. logθV=0 corresponds to the
angular diameter a star would have at a distance at which itsV = 0. The black curve
illustrates the best fit to the data (4th order polynomial), and the colors of the data
points represent stellar metalliticy values according to the scale on the top of the
panel. The red, dashed line displays a previously published fit (Kervella & Fouque´
2008). Figure adapted from Boyajian et al. (2014). See §4.2 for more details.

Chapter 5
Summary and Conclusion
In order to understand the exoplanet, you need to understand its parent star.
Almost a decade ago, we used this statement as motivation to approach the chal-
lenge of studying exoplanet host stars by using as few assumptions as possible. The
use of interferometry to determine their diameters meets this challenge despite its
being limited to nearby and bright stars and the fact that it is intrinsically a com-
plicated method (§2.1). Imperfect accuracy and/or precision of the method due to
calibration challenges as function of atmospheric conditions, consequent character-
ization of associated uncertainties, and random errors in limb-darkening corrections
certainly appear to outweigh the caveats of any other method of determining stellar
diameters, at least for single stars (§2.3).
The determination of stellar effective temperature via the measurement of bolo-
metric flux is the second component in our “as directly as possible” approach (§2.2).
Here, reduction in accuracy and/or precision in the result based on SED fitting are
due to unknown systematics in the literature photometry data, the manual choice
of spectral template in the absence of spectrophotometry, and the lack of grid and
wavelength coverage of available spectral templates. Again, these potential pitfalls
seem to outweigh their counterparts frequently present in less direct methods (§2.3).
The increasing availability of flux-calibrated spectrophotometry data is very help-
ful in reducing any potential systematic errors in the SED fitting due to undetected
spectral features.
Stellar radius and effective temperature are the most fundamental, directly de-
terminable physical parameters from which a number of other quantities can be de-
rived. The knowledge of the stellar energy output per unit time provides a full char-
acterization of the radiation environment in which exoplanets reside. Any definition
of system HZ (§2.4) will require this radiation environment as an input, irrespective
of other assumptions such as the existence of a planetary atmosphere or similar.
The knowledge of directly determined stellar astrophysical parameters allows the
calculation of just about all system parameters if the exoplanet is transiting and there
are literature RV and/or photometry data of sufficient precision – see Sections 3.2.9,
3.2.10, and 3.2.11 for examples. Even for stars too faint and/or too distant, relations
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calibrated with the methods described above allow for semi-empirical determination
of stellar parameters, like the ones relating broad-band photometric colors to stellar
effective temperatures or angular diameters (Section 4.2; Figures 4.1 and 4.2) or the
creation of isochrones based on stellar models (Section 2.3).
We provide a comprehensive overview of interferometrically determined, high-
precision stellar diameters in Table 3.1 in Section 3.1, current as of November 2016.
This table contains around 300 stars, many with multiple measurements of their
diameters. We use angular diameter and bolometric flux measurements from the
respective publications and trigonometric parallax values from Hipparcos to follow
our approach of being as direct as possible. Thence we uniformly calculate stellar
physical radii, effective temperatures, and luminosities unless otherwise indicated in
the Table, using weighted averages for multiple measurements. Of the roughly 300
stars in the table, around 150 are main-sequence stars and around 150 are subgiants
or giants. Approximately 60 of them have known exoplanets in orbit. The graphical
visualization of Table 3.1 is shown in Figure 3.1 where (1) the diameter of each data
point is representative of the logarithm of the corresponding stellar radius, and (2)
known exoplanet hosting stars are colored blue.
Section 3.2 contains a number of individually discussed exoplanet host systems
that are interesting from a historical or astrophysical perspective. These systems are
somewhat arbitrarily chosen but for obvious reasons include (1) nearby stars since
they were or can be studied with other methods to gain comprehensive insight into
the system as a whole, (2) late-type dwarfs since they not only provide some much
needed constraints to stellar models or semi-empirical methods but also shed light
onto the nature of architectures of late dwarfs and their exoplanets, (3) transiting
planets since they allow a full system characterization when combined with other
literature data, (4) multiplanet systems and/or systems with one or more planets
in the HZ, and (5) exoplanet hosts that were historically significant in the field of
exoplanet astronomy.
Our work with the CHARA Array over the last decade has contributed the ma-
jority of directly determined, high-precision diameters and effective temperatures of
main-sequence and particularly low-mass stars with and without exoplanets. With
ongoing improvements to the system in terms of resolution and sensitivity, the num-
ber of available targets is continually increasing to allow for this work to continue far
into the future. Current and upcoming space missions such as K2, TESS, PLATO,
CHEOPS, etc. provide and will provide a variety of data products relating to stellar
and exoplanet science at unprecedented levels of precision. Knowledge of stellar
astrophysical parameters that is as accurate as possible will be paramount to the
correct interpretation of these data products.
Glossary
The following is a glossary of some of the terms used in this book. For addi-
tional definitions, we recommend the use of https://wikipedia.org, par-
ticularly their astronomy glossary page at https://en.wikipedia.org/
wiki/Glossary_of_astronomy.
Apastron The point in the orbit of an extrasolar planet when it is the furthest away
from its parent star.
Asteroseismology Study of stellar interiors and astrophysical parameters based on
oscillations on their surfaces. See §2.1.
Baseline The distance between two telescopes in an interferometric array, some-
times measured in units of the operational wavelength. See §2.1.
Bolometric Flux The amount of energy received per second from a star, integrated
across the full range of wavelengths. We determine this quantity by means of SED
fitting. See §2.2.
CHARA CHARA stands for Center for High Angular Resolution Astronomy and
refers to the interferometric array on Mount Wilson in CA, owned and operated by
Georgia State University, with which the majority of the work described in this book
was performed.
Coherent, Coherence Electromagnetic radiation is said to be coherent if the waves
maintain a constant phase relationship. This enables measuring the phase difference
of a wavefront at two or more different locations on the ground, which constitutes
the basic data required for interferometry. See §2.1.
Convective Mixing Length Parameter The convective mixing length parameter,
αMLT , refers to the distance that a parcel or blob of gas of a certain temperature
would travel before it dissipates its thermal energy and adjusts its temperature to its
surroundings. Thus, it gives a sense of how quickly a stellar atmosphere is mixed by
convection. See 3.2.11.
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Effective Temperature Stellar effective temperature, Teff, is defined as the surface
temperature of a black body that emits as much energy per second as the star to
which the effective temperature pertains. Thus, it provides a uniform measure of
stellar temperature. See §2.2.
Extrasolar Planet, Exoplanet Defined here as a planet that orbits a star or multiple
stars other than the sun, though the term could also include free-floating planets, i.e.,
planets that do not orbit any stars.
Habitable Planet Defined here as a planet on which life can exist. Based on this
definition, this currently only includes Earth. See §2.4.
Habitable Zone, HZ The range of distances from its parent star(s) at which an
exoplanet with a surface may harbor liquid water. Additional assumptions, such as
the amount of greenhouse gases in the planetary atmosphere, go into the calculations
of HZs. See §2.4.
Interferometric Fringe The technique of interferometry is based on the detection
of interference of coherent light to measure the brightness distribution of an object
on the sky. Interference is visualized in interferometric fringes. See §2.1 and Figure
2.5.
Interferometer, Interferometric Array The system that performs the technique
of interferometry. See detailed description in §2.1.
Interferometry The method of using multiple telescopes to achieve very high an-
gular resolution. This technique is described in detail in §2.1.
Limb Darkening Limb darkening refers to the effect where a stellar disk appears
brighter at the center than at the limb. The reason for this effect is that one sees
deeper and thus hotter layers of the stellar atmosphere at the center of the disk than
at the limb. See §2.1 and Figure 2.10.
Luminosity Stellar luminosity refers to the amount of energy a star emits per unit
time.
Optical Delay Lines These are elements of an interferometer to detect interfero-
metric fringes. See §2.1 for much more detail. See Figures 2.3 and 2.4 for what
optical delay lines look like, and see Figure 2.2 for the function of optical delay
lines in an interferometric array.
Optical Path, Optical Path Length The optical path is the path a photon takes
from the star through all of the elements of the optical system to the detector. One of
the principal engineering challenges involved in the operation of an interferometric
array is the adjustment of the optical path lengths for all operating telescopes to
exacly the same value via the use of optical delay lines. See §2.1 and Figure 2.2.
Periastron The point in the orbit of an extrasolar planet when it is the closest to its
parent star.
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Spectral Energy Distribution, SED, SED Fitting The distribution of energy emit-
ted by a star as a function of wavelength. The integral over wavelength of a stellar
SED corresponds to the bolometric flux. To determine the zeropoint of the SED, we
typically use literature broadband photometry, a process referred to as SED fitting.
See §2.2 for much more details on SEDs and SED fitting, and see Figures 2.7 and
2.8 for examples.
Spectrophotometry In astronomy, spectrophotometry essentially refers to flux-
calibrated spectroscopy. That is, the energy received at every wavelength is nor-
malized such that relative energy levels are preserved – in contrast to broad-band
photometry where the energy received over a range of wavelengths is integrated
across the filter bandwidth. As such, spectrophotometry provides a much less coarse
approach to determining stellar energy distribution. See §2.2 and Figure 2.7.
Stellar Angular Diameter Angular diameter refers to the apparent size of a star
on the sky, as opposed to physical diameter, which is expressed in units of length.
CHARA routinely measures stellar angular diameters of fractions of a milliarcsec-
ond with 1–3% precision. The size of a soccer ball as seen on the surface of the
moon approximately corresponds to one milliarcsecond. See §2.1.
Transiting Planet, Transiting Exoplanet A planet is said to transit its parent
star(s) if it partially occults the stellar surface as seen from an observer. Venus and
Mercury periodically transit the surface of the sun as shown in Figure 2.10. Tran-
siting exoplanets block minute amounts of the light received from their parent stars.
This flux decrement determines the relative sizes of planet and parent star and pro-
vides fundamental insights in exoplanet studies.
van Cittert-Zernike Theorem The van Cittert-Zernike Theorem represents the ba-
sis on which astronomical interferomety is founded. It essentially states that inter-
ferometric visibility is related to the brightness distribution of an object on the sky.
See §2.1.
Visibility, Visibility Function Interferometric visibility represents the degree of
coherence of light received at two or more telescopes in an interferometric array.
It corresponds to the interferometric data produced when studying angular sizes.
It is a function of the angular size of the object, the operational wavelength, and
the projected length of the distance between the telescopes. The visibility function
corresponds to the dependence of the visibility upon baseline. Its shape depends on
the topology, i.e., brightness distribution, of the object on the sky. For uniform disk
profiles, the visibility function looks like what is shown in Figure 2.6. See §2.1 for
much more detail.
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